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The following documents are forv^arded herewith for appropriate action by the U.S, 
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1 , USPTO Utility Patent Application Transmittal Form PTO/SB/05; 

2. U.S. Utility Patent Application entitled: 

Phase Shifting Applications of Universal Frequency Translation 

and naming as inventors: 

Robert T, Short, Jonathan S. Jensen, Martin R. Johnson, Jamison L. Young, 
David S. Sorrells, Michael J- Bultman, Robert W. Cook, Richard C. Looke 
and Charley D. Moses 
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a. specification containing: 

i. 136 pages of description prior to the claims; 

ii. 9 pages of claims ( 33 claims); 

iii. a one (1) page abstract; 

b. One-hundred and seventy one (17 \) sheets of drawings: (Figures 
lA-D, 2A, 2B, 3-5, 6A-I, 7-14, 15A-F, 16-19, 20A, 20A1, 20B-F, 
21, 22A-F, 23A-F, 24A-J, 25A-K, 26A, 26B, 27A-F, 28A, 28B, 
29, 30 A-D, 31A-C, 32A-C, 33A-D, 34A, 34B, 35A-C, 36-43, 
44A. 44B, 45A, 45B, 46-48, 49A, 49B, 50A, SOB, 51 A, 5 IB, 52- 
56, 57A-C, 58A-C, 59, 60, 61A, 61B, 62, 63A, 63B, 64, 65A, 65B, 
66A, 66B, 67A-D, 68A-C, 69-77, 78 A-D, 79, 80A, SOB, 81-86, 
87A, 87B, 88-89, 90A, 90B, 91A-D, 92A-D, 93A-E, 94-95, 96A- 
C, 97, 98A, 98B, 99A-C, 100-106, 107A-C, 108-110, lllA-F, 
112-115, 116A, 116B, 117A, 117B, 118A-F, and 119); 

3. 37 C.F.R. § L136(a)(3) Authorization to Treat a Reply As Incorporating 
An Extension of Time (in duplicate); and 

4. Two (2) return postcards. 

It is respectfully requested that, of the two attached postcards, one be stamped with the 
filing date of these documents and returned to our courier, and the other, prepaid postcard, be 
■stamped with the filing date and unofficial application number and returned as soon as possible. 

This application claims the benefit of the following US. Provisional Application No. 
60/167,704; filed on November 24, 1999; U.S. Provisional Application No. 60/170,767, filed 
on December 15, 1999; US. Provisional Application No. 60/171,584, filed on December 23, 
1999; US. Provisional Application No. 60/1 77,380, filed on January 24, 2000; and U.S. 
Provisional Application No. to be assigned, filed June 2, 2000, Attorney Docket No. 
1744.0710004. 
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Declaration and without filing fee. 
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Attorney for Applicants 
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Application No. 60/171,584, filed on December 23, 1999; U.S. Provisional 

Application No. 60/177,380, filed on January 24, 2000; and U.S. Provisional 

Application No. , filed June 2, 2000, Attorney Docket No. 1744.0710004. 
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application, and are herein incorporated by reference in their entireties; 
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No. 09/176,022, filed October 21, 1998, issued as U.S. Patent No. 6,061,551 on May 
9, 2000; 

"Method and System for Frequency Up-Conversion," Ser. No. 09/176,154, 
filed October 21, 1998; 

"Method and System for Ensuring Reception of a Communications Signal," 
Ser. No. 09/176,41 5, filed October 21, 1998, issued as U.S. Patent No. 6,061,555 on 
May 9, 2000; 

"IntegratedFrequency Translation And Selectivity," Ser. No. 09/175,966, filed 
October 21, 1998, issued as U.S. Patent No. 6,049,706 on April 1 1, 2000; 

"Integrated Frequency Translation and Selectivity with a Gain Control 
Functionality, and Applications thereof," Ser. No. 09/566,188, filed May 5, 2000; 

"Applications of Universal Frequency Translation," filed March 3, 1999, Ser 
09/176,027, filed on March 3,1999. 

"Method and System for Down-converting Electromagnetic Signals Having 
Optimized Switch Structures," Ser. No. 09/293,095, filed on April 16, 1999; 

"Method and System for Down-converting Electromagnetic Signals Including 
Resonant Structures for Enhanced Energy Transfer", Ser. No. 09/293, 342, filed on 
April 16, 1999; 

"Matched Filter Characterization and Implementation ofUniversal Frequency 
Translation Method and Apparatus," Ser. No. 09/521,828, filed on March 9, 2000; 
and 

"Method and System for Down-Converting an Electromagnetic Signal, 

Transforms for same, and Aperture Relationships," Ser. No , filed April 14, 

2000, Attorney Docket No. 1744.0010009. 



Background of the Invention 



Field of the Invention 

The present invention is generally related to frequency translation, phase- 
shifting, and applications of the same, including but not limited to anterma 
applications. 

Related Art 

Various communication components exist for performing frequency down- 
conversion, frequency up-conversion, phase shifting and filtering. Also, schemes exist 
for signal reception in the face of potential jamming signals. 

Summary of the Invention 

The present invention is related to integrated frequency translation and phase 
shifting, and apphcations of same. Such applications include, but are not limited to: 
integrated frequency down-conversion and phase shifting, integrated frequency up- 
conversion and phase shifting, and phased array antennas that utilize integrated 
frequency translation and phase shifting. 

A universal frequency translation module (UFT) frequency translates an 
electromagnetic (EM) input signal by sampling the EM input signal according to a 
periodic control signal (also called an aHasing signal). By controlling the relative 
sampling time, the UFT module implements a relative phase shift during frequency 
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translation. In other words, a relative phase shift can be introduced in the output 
signal by sampling the input signal at one point in time relative to another point in 
time. As such, the UFT module can be configured as an integrated fi-equency 
translator and phase-shifter. This includes the UFT module as an integrated down- 
converter and phase shifter, and the UFT module as an integrated up-converter and 
5 phase shifter. 

As used herein, the word "integrated" refers to fijnctionality, and generally 
means that certain ftmctions are performed in a unified or collective or combined 
manner. This term does not necessarily refer to implementation, and the invention 
O need not be implemented as an integrated circuit (IC), although an implementation of 

10 m the invention includes IC implementation. 

S In embodiments, the control signal includes a plurality of pulses, and the 

}5 relative sampling time of UFT module is controlled by introducing a relative phase 

lil shift in the pulses of the control signal. Additionally, the pulse Avidth of the control 

signal is estabUshed to improve energy transfer fi-om the input signal to the frequency 
15 ^4: translated signal. 

uj In embodiments, a pulse generator generates the control signal, and is 

n triggered according to a local oscillator (LO) signal. More specifically, the pulse 

generator triggers and produces a pulse when the amplitude of the LO signal exceeds 
a threshold that is associated with the pulse generator. As such, the relative phase shift 
20 of the control signal is determined by the relative time that the LO signal exceeds the 

threshold of the pulse generator. In embodiments, the LO signal is level-shifted with 
a bias voltage to change the trigger time of the pulse generator, resulting in a phase 
shift of the control signal, and a phase shift of the output signal. Alternatively, the LO 
signal is delayed by variable amount to change the trigger time of the pulse generator, 
25 resulting in a phase shift of the control signal, and a phase shift of the output signal. 

Alternatively, the shape of the LO signal is changed to vary the trigger time of the 

1744.0710005 



pulse generator, resulting in a phase shift in the control signal, and a phase shift in the 
output signal. 

Additionally, the frequency of the LO signal substantially determines the 
frequency of the control signal. For down-conversion directly to baseband, the LO 
signal frequency is preferably a sub-harmonic of the EM input signal. For down- 
conversion to an IF, the frequency of the LO signal is approximately equal to the 
frequency of the EM input signal plus or minus the frequency of the IF signal divided 
by n, where n represents a harmonic or sub-harmonic. For up-conversion, the 
frequency of the LO signal is a sub-harmonic of the desired output signal frequency. 

Further features and advantages of the invention, as well as the structure and 
operation of various embodiments of the invention, are described in detail below with 
reference to the accompanying drawings. The drawing in which an element first 
appears is typically indicated by the leftmost character(s) and/or digit(s) in the 
corresponding reference number. 

Brief Description of the Figures 

The present invention will be described with reference to the accompanying 
drawings, wherein: 

FIG. 1 A is a block diagram of a universal frequency translation (UFT) module 
according to an embodiment of the invention; 

FIG. IB is a more detailed diagram of a universal frequency translation (UFT) 
module according to an embodiment of the invention; 

FIG. IC illustrates a UFT module used in a universal frequency down- 
conversion (UFD) module according to an embodiment of the invention; 



FIG. ID illustrates a UFT module used in a universal frequency up-conversion 
(UFU) module according to an embodiment of the invention; 

FIG. 2A is a diagram of a universal frequency translation (UFT) module 
according to embodiments of the invention; 

FIG. 2B is a diagram of a universal frequency translation (UFT) module 
according to embodiments of the invention; 

FIG. 3 is a block diagram of a universal frequency up-conversion (UFU) 
module according to an embodiment of the invention; 

FIG. 4 is a more detailed diagram of a universal frequency up-conversion 
(UFU) module according to an embodiment of the invention; 

FIG. 5 is a block diagram of a universal frequency up-conversion (UFU) 
module according to an alternative embodiment of the invention; 

FIGS. 6A-6I illustrate example waveforms used to describe the operation of 
the UFU module; 

FIG 7 illustrates a UFT module used in a receiver according to an 
embodiment of the invention; 

FIG. 8 illustrates a UFT module used in a transmitter according to an 
embodiment of the invention; 

FIG. 9 illustrates an environment comprising a transmitter and a receiver, each 
of which may be implemented using a UFT module of the invention; 

FIG 1 0 illustrates a transceiver according to an embodiment of the invention; 

FIG. 1 1 illustrates a transceiver according to an alternative embodiment of the 
invention; 

FIG. 12 illustrates an environment comprising a transmitter and a receiver, 
each of which may be implemented using enhanced signal reception (ESR) 
components of the invention; 



FIG. 13 illustrates a UFT module used in a unified down-conversion and 
filtering (UDF) module according to an embodiment of the invention; 

FIG. 14 illustrates an example receiver implemented using a UDF module 
according to an embodiment of the invention; 

FIGS . 1 5 A" 1 5F illustrate example applications of the UDF module according 
to embodiments of the invention; 

FIG. 16 illustrates an environment comprising a transmitter and a receiver, 
each of which may be implemented using enhanced signal reception (ESR) 
components of the invention, wherein the receiver may be fiirther implemented using 
one or more UFD modules of the invention; 

FIG. 17 illustrates a unified down-converting and filtering (UDF) module 
according to an embodiment of the invention; 

FIG. 1 8 is a table of example values at nodes in the UDF module of FIG. 1 9; 

FIG. 19 is a detailed diagram of an example UDF module according to an 
embodiment of the invention; 

FIGS. 20 A and 20 A- 1 are example aliasing modules according to 
embodiments of the invention; 

FIGS, 20B-20F are example waveforms used to describe the operation of the 
aliasing modules of FIGS. 20A and 20A-1; 

FIG. 21 illustrates an enhanced signal reception system according to an 
embodiment of the invention; 

FIGS. 22A-22F are example waveforms used to describe the system of FIG. 

21; 

FIG, 23 A illustrates an example transmitter in an enhanced signal reception 
system according to an embodiment of the invention; 

FIGS. 23B and 23 C are example waveforms used to fiirther describe the 
enhanced signal reception system according to an embodiment of the invention; 



FIG. 23D illustrates another example transmitter in an enhanced signal 
reception system according to an embodiment of the invention; 

FIGS. 23E and 23F are example waveforms used to further describe the 
enhanced signal reception system according to an embodiment of the invention; 

FIG. 24A illustrates an example receiver in an enhanced signal reception 
system according to an embodiment of the invention; 

FIGS. 24B-24J are example waveforms and spectra used to forther describe 
the enhanced signal reception system according to an embodiment of the invention; 

FIGs. 25 A-C illustrate conceptual representations of the invention including 
frequency translation and phase shifting according to embodiments of the invention; 

FIG.25D illustrates a flowchart 2500 according to embodiments of the 
invention; 

FIGs. 25E-K illustrate various signal diagrams according to embodiments of 
the invention; 

FIG. 26A illustrates a frequency translator/phase-shifter using variable bias 
voltage to implement the phase shift according to embodiments of the invention; 

FIG. 26B illustrates a flowchart 2650 according to embodiments of the 
invention; 

FIGs. 27A-F illustrate various biased LO signals and corresponding phase 
shifted control signals according to embodiments of the invention; 

FIGs. 28 A-28B illustrate various biased LO signal signals compared to the RF 
input signal; 

FIG. 29 illustrates the phase (or phase shift) at which the RF input signal is 
sampled vs ramp bias voltage, according to embodiments of the invention; 

FIGs. 30A-30D illustrate the phase at which an RF signal is sampled vs. bias 
voltage for various LO signal amplitudes according to embodiments of the invention; 



FIGs, 3 1 A-C illustrate a down-converter/phase shifter having a variable LO 
bias to control the phase shift according to embodiments of the present invention; 

FIGS.32A-C illustrates an up-converter/phase-shifter having a variable LO 
bias to control the phase shift according to embodiments of the invention; 

FIGs. 33 A-D illustrate a frequency translator/phase-shifter using variable LO 
signal delay to implement the phase shift according to embodiments of the invention; 

FIGs. 34A-B illustrate a down-converter/phase-shifter using a variable LO 
delay according to embodiments of the invention; 

FIGs. 35A-C illustrate a up-converter/phase-shifter using a variable LO delay 
according to embodiments of the invention; 

FIG. 36 illustrates a frequency translator/phase-shifter using a shape changer 
to implement the phase shift according to embodiments of the invention; 

FIG. 37 illustrates a down-converter/phase shifter using a shape changer to 
implement the phase shift according to embodiments of the invention; 

FIG. 38 illustrates an up-converter/phase shifter using a shape changer to 
implement the phase shift according to embodiments of the invention; 

FIGs. 3 9-40 illustrate frequency translator/phase-shifters where the LO signal 
directly controls the UFT module according to embodiments of the invention; 

FIGs. 41-43 illustrate various phased array antennas; 

FIGs. 44A-B illustrate the effect of RF phase shifting on the beam of a phased 
array antenna; 

FIG. 45 A illustrates a half-wave dipole; 

FIG. 45B illustrates an E-plane element factor for a half-wave dipole; 

FIG. 46 illustrates an N-element linear antenna array; 

FIG. 47 illustrates an NxM array antenna; 

FIG. 48 illustrates a linear array of five half-wave dipoles; 

FIG. 49A illustrates the array factor for a linear array; 
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FIG. 49B illustrates the radiation pattern for a linear array; 
FIG. 50A illustrates an array factor for a uniform amplitude current 
distribution; 

FIG. SOB illustrates an array factor for a raised cosine amplitude current 
distribution; 

FIG. 5 1 A illustrates an array factor for a uniform phase current distribution; 
FIG, 5 IB illustrates an array factor for a progressive phase current 
distribution; 

FIG 52 illustrates an embodiment of a phase shifter according to the present 
invention; 

FIG. 53 illustrates the output of a phase shifting circuit according to an 
embodiment of the present invention; 

FIG. 54 illustrates the operating parameters of an embodiment of the present 
invention; 

FIG. 55 illustrates an example circuit according to an embodiment of the 
present invention that can be used to the operating characteristics of the present 
invention; 

FIG. 56 illustrates the output of a circuit according to an embodiment of the 
present invention; 

FIGs. 57A-C and 58A-C illustrate the curve fitting used to derive the 
equations that describe phase characterization of a UFT module according to 
embodiments of the present invention; 

FIG. 59 illustrates a phased array antenna embodiment of the present 
invention; 

FIG. 60 illustrates an antenna circuit according to an embodiment of the 
present invention; 



FIGs. 61A-B illustrate the output of an antenna circuit according to an 
embodiment of the present invention; 

FIG. 62 illustrates a linear array according to an embodiment of the present 
invention; 

FIGs. 63A-B illustrate the output of a linear array according to an 
embodiment of the present invention; 

FIGs. 64 illustrates a two dimensional linear array according to embodiments 
of the invention; 

FIG. 65A-B illustrate various 2-D phased array antennas with difference feed 
structures according to embodiments of the present invention; 

FIG. 66A-B illustrate the output of a 2-D phased array antenna according to 
an embodiment of the present invention; 

FIGs. 67A-B illustrate various antenna circuits according to embodiments of 
the present invention; 

FIG, 67C illustrates receive antenna 6722 having pulse generators 6724 to 
control the UFT modules 6706 an embodiment of the present invention; 

FIG, 67D illustrates transmit antenna 6726 having pulse generators 6724 to 
control the UFT modules 6706 an embodiment of the present invention; 

FIGs. 68 A-B illustrate antenna circuits that can be used for both transmit and 
receive, according to an embodiment of the present invention; 

FIG. 68C illustrates an exemplary digital control device, according to an 
embodiment of the present invention; 

FIG. 69 illustrates the output of an antenna circuit with the main beam steered 
off boresight, according to an embodiment of the present invention; 

FIGs. 70-71 illustrate antenna circuits that are capable of producing linear and 
circular polarization, according to an embodiment of the present invention; 

FIG. 72 illustrates an elliptically polarized wave; 
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FIG. 73 illustrates an antenna circuit that can generate linear or elliptical 
polarization, according to an embodiment of the present invention; 

FIG. 74 illustrates a phased array antenna system Avith adaptive beam forming, 
according to embodiments of the present invention; 

FIG. 75 illustrates a response curve for antenna system 7400 in FIG. 74, 
according to embodiments of the present invention; 

FIG. 76 illustrates a phased array antenna with adaptive beam forming, 
according to embodiments of the present invention; 

FIG. 77 illustrates a phased array antenna system 7700 that can generate 
multiple antenna beams, according to embodiments of the present invention; 

FIG. 78 A illustrates a phase shifter 7800 according to embodiments of the 
present invention; 

FIGs. 78B-D illustrate various signal diagrams associated with phase shifter 
7800, according to embodiments of the present invention; 

FIG. 79 illustrates a phase shifter 7904 that utilizes multiple sources, 
according to embodiments of the present invention; 

FIGs. 80A-B illustrate a cell phone application of an embodiment of the 
present invention; 

FIGs. 81-86 illustrate cellular phone applications that utilize an electrically 
steerable antenna beam, according to embodiments of the present invention; 

FIGs. 87A-B illustrate a multiple beam antenna embodiment of the present 
invention; 

FIGs. 88 illustrates a multiple beam antenna embodiment of the present 
invention; 

FIG. 89 illustrates a collision avoidance system according to an embodiment 
of the present invention; 
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FIGs. 90A-B illustrate an array antenna according to an embodiment of the 
present invention; 

FIGs. 91 A-D illustrate the output of an antenna embodiment of the present 
invention; 

FIGs. 92 A-D illustrate example implementations of a switch module according 
to embodiments of the invention; 

FIGs. 93 A-D illustrate example pulse generators; 

FIG. 93E illustrates an oscillator according to an embodiment of the present 
invention; 

FIG. 94 illustrates an energy transfer system with an optional energy transfer 
signal module according to an embodiment of the invention; 

FIG. 95 illustrates an aliasing module with input and output impedance match 
according to an embodiment of the invention; 

FIG. 96A illustrates an example pulse generator; 

FIGs. 96B and C illustrate example waveforms related to the pulse generator 
of FIG. 96A; 

FIG. 97 illustrates an example energy transfer module with a switch module 
and a reactive storage module according to an embodiment of the invention; 

FIGs. 98A-B illustrate example energy transfer systems according to 
embodiments of the invention; 

FIG. 99A illustrates an example energy transfer signal module according to 
an embodiment of the present invention; 

FIG. 99B illustrates a flowchart of state machine operation according to an 
embodiment of the present invention; 

FIG. 99C is an example energy transfer signal module; 
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FIG. 100 is a schematic diagram of a circuit to down-convert a 915 MHZ 
signal to a 5 MHZ signal using a 10 LI MHZ clock according to an embodiment of 
the present invention; 

FIG. 101 shows simulation waveforms for the circuit of FIG. 100 according 
to embodiments of the present invention; 

FIG. 102 is a schematic diagram of a circuit to down-convert a 915 MHZ 
signal to a 5 MHz signal using a 101 MHZ clock according to an embodiment of the 
present invention; 

FIG. 103 shows simulation waveforms for the circuit of FIG. 102 according 
to embodiments of the present invention; 

FIG. 104 is a schematic diagram of a circuit to down-convert a 915 MHZ 
signal to a 5 MHZ signal using a 101.1 MHZ clock according to an embodiment of 
the present invention; 

FIG. 105 shows simulation waveforms for the circuit of FIG 104 according 
to an embodiment of the present invention; 

FIG. 106 shows a schematic of the circuit in FIG. 100 connected to an FSK 
source that alternates between 913 and 917 MHZ at a baud rate of 500 Kbaud 
according to an embodiment of the present invention; 

FIG. 107 A illustrates an example energy transfer system according to an 
embodiment of the invention; 

FIGS. 107B-C illustrate example timing diagrams for the example system of 
FIG. 94A; 

FIG. 108 illustrates an example bypass network according to an embodiment 
of the invention; 

FIG. 109 illustrates an example bypass network according to an embodiment 
of the invention; 

FIG, 110 illustrates an example embodiment of the invention; 
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FIG. 1 1 1 A illustrates an example real time aperture control circuit according 
to an embodiment of the invention; 

FIG. 1 1 IB illustrates a timing diagram of an example clock signal for real time 
aperture control, according to an embodiment of the invention; 

FIG. 11 IC illustrates a timing diagram of an example optional enable signal 
for real time aperture control, according to an embodiment of the invention; 

FIG. 1 1 ID illustrates a timing diagram of an inverted clock signal for real time 
aperture control, according to an embodiment of the invention; 

FIG 1 1 IE illustrates a timing diagram of an example delayed clock signal for 
real time aperture control, according to an embodiment of the invention; 

FIG. 1 1 IF illustrates a timing diagram of an example energy transfer including 
pulses having apertures that are controlled in real time, according to an embodiment 
of the invention; 

FIG 112 illustrates an example embodiment of the invention; 

FIG. 1 13 illustrates an example embodiment of the invention; 

FIG. 1 14 illustrates an example embodiment of the invention; 

FIG. 1 15 illustrates an example embodiment of the invention; 

FIG. 1 16A is a timing diagram for the example embodiment of FIG, 112; 

FIG. 1 16B is a timing diagram for the example embodiment of FIG. 113; 

FIG. 1 17A is a timing diagram for the example embodiment of FIG. 114; 

FIG. 1 17B is a timing diagram for the example embodiment of FIG. 115; 

FIG. 1 18A illustrates and example embodiment of the invention; 

FIG. 1 1 8B illustrates equations for determining charge transfer, in accordance 
with the present invention; 

FIG. 1 18C illustrates relationships between capacitor charging and aperture, 
in accordance with the present invention; 
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FIG. 1 18D illustrates relationships between capacitor charging and aperture, 
in accordance with the present invention; 

FIG. USE illustrates power-charge relationship equations, in accordance with 
the present invention; 

FIG. 11 8F illustrates insertion loss equations, in accordance with the present 
invention; and 

FIG. 119 illustrates a computer controlled phase shifter according to 
embodiments of the invention. 

Detailed Description of the Preferred Embodiments 

Table of Contents 
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2.10. Example Energy Transfer Down-Converters 

Frequency Up-conversion 

Enhanced Signal Reception 

Unified Down-conversion and Filtering 

Example Application Embodiments of the Invention 

Specific Phase Shifter Embodiments Using Universal Frequency Translation 

7. 1 High Level Description 

7.2 Specific Phase Shifl;ing Embodiments 

7.2. 1 Changing a Bias Voltage of the LO Signal 

7.2.1.1 Down-Conversion 

7.2. 1 .2 Up-Conversion 

7.2.2 Changing the Delay of the LO Signal 

7.2.2.1 Down-Conversion 

7.2.2.2 Up-Conversion 

7.2.2.3 Dual Feed Structure 

7.2.3 Changing the Shape of the LO Signal 

7.2.3.1 Down-Conversion 

7.2.3.2 Up-Conversion 

7.2.4 Phase Shifting Without Using a Pulse Generator 

7.3 Antenna Applications of Universal Frequency Translation 

7.3.1 Overview of Adaptive Beam Forming 

7.3.2 UFT Module Transmission Phase Characteristics 

7.3.3. Two-Element Antenna Design Example using UFT modules 
as Phase Shifters 

7.3.4 Phased Array Embodiments including 2-D Antenna Arrays 

7.3.5 Generating Elliptical and Circular Polarization Using UFT 
Modules 
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7.3.6 Intelligent Adaptive Beam Forming using UFT Modules 

7.3.7 Example Antenna Applications of the Present Invention 
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L 0 Universal Frequency Translation 

The present invention is related to frequency translation, and applications of 
same. Such applications include, but are not limited to, frequency down-conversion, 
frequency up-conversion, enhanced signal reception, unified down-conversion and 
filtering, and combinations and applications of same, 

FIG. lA illustrates a universal frequency translation (UFT) module 102 
according to embodiments of the invention. (The UFT module is also sometimes 
called a universal frequency translator, or a universal translator.) 

As indicated by the example of FIG. 1 A, some embodiments of the UFT 
module 102 include three ports (nodes), designated in FIG. 1 A as Port 1, Port 2, and 
Port 3. Other UFT embodiments include other than three ports. 

Generally, the UFT module 102 (perhaps in combination with other 
components) operates to generate an output signal from an input signal, where the 
frequency of the output signal differs from the frequency of the input signal. In other 
words, the UFT module 1 02 (and perhaps other components) operates to generate the 
output signal from the input signal by translating the frequency (and perhaps other 
characteristics) of the input signal to the frequency (and perhaps other characteristics) 
of the output signal. 

An example embodiment of the UFT module 103 is generally illustrated in 
FIG. IB. Generally, the UFT module 103 includes a switch 106 controlled by a 
control signal 108. The switch 106 is said to be a controlled switch. 

As noted above, some UFT embodiments include other than three ports. For 
example, and without limitation, FIG. 2 A illustrates an example UFT module 202. 
The example UFT module 202 includes a diode 204 having two ports, designated as 
Port 1 and Port 2/3. This embodiment does not include a third port, as indicated by 
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the dotted line around the "Port 3" label FIG. 2B illustrates a second example UFT 
module 208 having a FET 210 whose gate is controlled by the control signal. 

The UFT module is a very powerful and flexible device. Its flexibility is 
illustrated, in part, by the wide range of applications in which it can be used. Its 
power is illustrated, in part, by the usefulness and performance of such applications. 

For example, a UFT module 11 5 can be used in a universal frequency down- 
conversion (UFD) module 114, an example of which is shown in FIG. IC. In this 
capacity, the UFT module 1 1 5 fi-equency down-converts an input signal to an output 
signal. 

As another example, as shown in FIG. ID, a UFT module 117 can be used in 
a universal frequency up-conversion (UFU) module 116. In this capacity, the UFT 
module 117 frequency up-converts an input signal to an output signal. 

These and other applications of the UFT module are described below. 
Additional appUcations of the UFT module will be apparent to persons skilled in the 
relevant art(s) based on the teachings contained herein. In some applications, the 
UFT module is a required component. In other applications, the UFT module is an 
optional component. 

2. 0 Frequency Down-conversion 

The present invention is directed to systems and methods of universal 
frequency down-conversion, and applications of same. 

In particular, the following discussion describes down-converting using a 
Universal Frequency Translation Module. The down-conversion of an EM signal by 
aliasing the EM signal at an aliasing rate is folly described in U, S. Patent Application 
entitied "Method and System for Down-Converting Electromagnetic Signals," Ser. 
No. 09/176,022, filed October21, 1998, issued as U.S. Patent No. 6,061,551 on May 
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10, 2000, the full disclosure of which is incorporated herein by reference. A relevant 
portion of the above mentioned patent application is summarized below to describe 
down-converting an input signal to produce a down-converted signal that exists at a 
lower frequency or a baseband signal. 

FIG. 20A illustrates an aliasing module 2000 (one embodiment of a UFD 
module) for dovm-conversion using a universal frequency translation (UFT) module 
2002, which down-converts an EM input signal 2004. In particular embodiments, 
aliasing module 2000 includes a switch 2008 and a capacitor 2010. The electronic 
alignment of the circuit components is flexible. That is, in one implementation, the 
switch 2008 is in series with input signal 2004 and capacitor 2010 is shunted to 
ground (although it may be other than ground in configurations such as differential 
mode). In a second implementation (see FIG. 20A-1), the capacitor 2010 is in series 
with the input signal 2004 and the switch 2008 is shunted to ground (although it may 
be other than ground in configurations such as differential mode). Aliasing module 
2000 with UFT module 2002 can be easily tailored to down-convert a wide variety 
of electromagnetic signals using aliasing frequencies that are well below the 
frequencies of the EM input signal 2004. 

In one implementation, aliasing module 2000 down-converts the input signal 
2004 to an intermediate frequency (IF) signal. In another implementation, the aliasing 
module 2000 down-converts the input signal 2004 to a demodulated baseband signal. 
In yet another implementation, the input signal 2004 is a frequency modulated (FM) 
signal, and the aliasing module 2000 down-converts it to a non-FM signal, such as a 
phase modulated (PM) signal or an amplitude modulated (AM) signal. Each of the 
above implementations is described below. 

In an embodiment, the control signal 2006 includes a train of pulses that 
repeat at an aliasing rate that is equal to, or less than, twice the frequency of the input 
signal 2004. In this embodiment, the control signal 2006 is referred to herein as an 
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aliasing signal because it is below the Nyquist rate for the frequency of the input signal 
2004. Preferably, the frequency of control signal 2006 is much less than the input 
signal 2004. 

A train of pulses 201 8 as shown in FIG. 20D controls the switch 2008 to alias 
the input signal 2004 with the control signal 2006 to generate a down-converted 
output signal 2012. More specifically, in an embodiment, switch 2008 closes on a 
first edge of each pulse 2020 of FIG. 20D and opens on a second edge of each pulse. 
When the switch 2008 is closed, the input signal 2004 is coupled to the capacitor 
2010, and charge is transferred fi-om the input signal to the capacitor 2010. The 
charge stored during successive pulses forms down-converted output signal 2012. 

Exemplary waveforms are shown in FIGS. 20B-20F. 

FIG. 20B illustrates an analog amplitude modulated (AM) carrier signal 20 14 
that is an example of input signal 2004. For illustrative purposes, in FIG. 20C, an 
analog AM carrier signal portion 2016 illustrates a portion of the analog AM carrier 
signal 2014 on an expanded time scale. The analog AM carrier signal portion 2016 
illustrates the analog AM carrier signal 2014 from time to to time tj. 

FIG. 20D illustrates an exemplary aliasing signal 2018 that is an example of 
control signal 2006, Aliasing signal 2018 is on approximately the same time scale as 
the analog AM carrier signal portion 2016. In the example shown in FIG. 20D, the 
aliasing signal 2018 includes a train of pulses 2020 having negligible apertures that 
tend towards zero (the invention is not limited to this embodiment, as discussed 
below). The pulse aperture may also be referred to as the pulse width as will be 
understood by those skilled in the art(s). The pulses 2020 repeat at an aliasing rate, 
or pulse repetition rate of aliasing signal 2018. The aliasing rate is determined as 
described below, and further described in the U.S. Patent Application entitled 
"Method and System for Down-converting Electromagnetic Signals," Ser. No. 
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09/176,022, filed October 21, 1998, issued as U.S. Patent No. 6,061,551 onMay 10, 
2000. 

As noted above, the train of pulses 2020 (i.e., control signal 2006) control the 
switch 2008 to alias the analog AM carrier signal 2016 (i.e., input signal 2004) at the 
aliasing rate of the aliasing signal 2018. Specifically, in this embodiment, the switch 
2008 closes on a first edge of each pulse and opens on a second edge of each pulse. 
When the switch 2008 is closed, input signal 2004 is coupled to the capacitor 2010, 
and charge is transferred firom the input signal 2004 to the capacitor 2010, The 
charge transferred during a pulse is referred to herein as an under-sample. Exemplary 
under-samples 2022 form down-converted signal portion 2024 (FIG. 20E) that 
corresponds to the analog AM carrier signal portion 2016 (FIG. 20C) and the train 
of pulses 2020 (FIG. 20D). The charge stored during successive under-samples of 
AM carrier signal 2014 form the down-converted signal 2024 (FIG. 20E) that is an 
example of down-converted output signal 2012 (FIG. 20A). In FIG. 20F, a 
demodulated baseband signal 2026 represents the demodulated baseband signal 2024 
after filtering on a compressed time scale. As illustrated, down-converted signal 2026 
has substantially the same "amplitude envelope" as AM carrier signal 2014. 
Therefore, FIGS. 20B-20F illustrate down-conversion of AM carrier signal 2014. 

The waveforms shown in FIGS. 20B-20F are discussed herein for illustrative 
purposes only, and are not limiting. Additional exemplary time domain and fi-equency 
domain drawings, and exemplary methods and systems of the invention relating 
thereto, are disclosed in U.S. Patent Application entitled "Method and System for 
Down-converting Electromagnetic Signals," Ser. No. 09/176,022, filed October 21, 
1998, issued as U.S. Patent No. 6,061,551 on May 10, 2000. 

The aliasing rate of control signal 2006 determines whether the input signal 
2004 is down-converted to an IF signal, down-converted to a demodulated baseband 
signal, or down-converted fi-om an FM signal to a PM or an AM signal. Generally, 
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relationships between the input signal 2004, the aliasing rate of the control signal 
2006, and the down-converted output signal 2012 are illustrated below: 

(Freq. of input signal 2004) = w»(Freq. of control signal 2006) ± 
(Freq. of down-converted output signal 2012) 

For the examples contained herein, only the condition will be discussed. The 
value of n represents a harmonic or sub-harmonic of input signal 2004 (e.g., w = 0.5, 
1,2,3,...). 

When the aliasing rate of control signal 2006 is off-set from the frequency of 
input signal 2004, or ofF-set from a harmonic or sub-harmonic thereof, input signal 
2004 is down-converted to an IF signal. This is because the under-sampling pulses 
occur at different phases of subsequent cycles of input signal 2004. As a result, the 
under-samples form a lower frequency oscillating pattern. If the input signal 2004 
includes lower frequency changes, such as amplitude, frequency, phase, etc., or any 
combination thereof, the charge stored during associated under-samples reflects the 
lower frequency changes, resulting in similar changes on the down-converted IF 
signal. For example, to down-convert a 901 MHZ input signal to a 1 MHZ IF signal, 
the frequency of the control signal 2006 would be calculated as follows: 

control 

(901 MHZ - 1 MHZ)/w = 900/n 

For « = 0.5, 1, 2, 3, 4, etc., the frequency of the control signal 2006 would be 
substantially equal to 1.8 GHz, 900 MHZ, 450 MHZ, 300 MHZ, 225 MHZ, etc. 

Exemplary time domain and frequency domain drawings, illustrating down- 
conversion of analog and digital AM, PM and FM signals to IF signals, and exemplary 
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methods and systems thereof, are disclosed in U.S. Patent Application entitled 
"Method and System for Down-converting Electromagnetic Signals/' Ser. No. 
09/176,022, filed October 21, 1998, issued as U.S. Patent No. 6,061,551 onMay 10, 
2000. 

Alternatively, when the aliasing rate of the control signal 2006 is substantially 
equal to the firequency of the input signal 2004, or substantially equal to a harmonic 
or sub-harmonic thereof, input signal 2004 is directly down-converted to a 
demodulated baseband signal. This is because, without modulation, the under- 
sampling pulses occur at the same point of subsequent cycles of the input signal 2004. 
As a result, the under-samples form a constant output baseband signal If the input 
signal 2004 includes lower frequency changes, such as amplitude, frequency, phase, 
etc., or any combination thereof, the charge stored during associated under-samples 
reflects the lower frequency changes, resulting in similar changes on the demodulated 
baseband signal. For example, to directly down-convert a 900 MHZ input signal to 
a demodulated baseband signal (i.e., zero IF), the frequency of the control signal 2006 
would be calculated as follows: 

(Freqi^put-FreqiF)/" = Freq^^^i 
(900 MHZ . 0 MHZ)/n = 900 MHZ/n 

For n = 0.5, 1, 2, 3, 4, etc., the frequency of the control signal 2006 should be 
substantially equal to 1.8 GHz, 900 MHZ, 450 MHZ, 300 MHZ, 225 MHZ, etc. 

Exemplary time domain and frequency domain drawings, illustrating direct 
down-conversion of analog and digital AM and PM signals to demodulated baseband 
signals, and exemplary methods and systems thereof, are disclosed in the U.S. Patent 
Application entitled "Method and System for Down-converting Electromagnetic 
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Signals," Ser, No. 09/176,022, filed October 21, 1998, issued as U.S. Patent No. 
6,061,551 on May 10, 2000. 

Alternatively, to down-convert an input FM signal to a non-FM signal, a 
frequency within the FM bandwidth must be down-converted to baseband (i.e., zero 
IF). As an example, to down-convert a fi-equency shift keying (FSK) signal (a sub-set 
of FM) to a phase shift keying (PSK) signal (a subset of PM), the mid-point between 
a lower frequency Fj and an upper frequency Fj (that is, [(F^ + Fj) 2]) of the FSK 
signal is down-converted to zero IF. For example, to down-convert an FSK signal 
having Fj equal to 899 MHZ and F2 equal to 901 MHZ, to a PSK signal, the aliasing 
rate of the control signal 2006 would be calculated as follows; 

Frequency of the input = (Fj + F2) 2 

= (899 MHZ + 90 1 MHZ) - 2 
= 900 MHZ 

Frequency of the down-converted signal = 0 (i.e., baseband) 

control 

(900 MHZ - 0 MHZ)/« = 900MHZ/« 

For w = 0.5, 1, 2, 3, etc., the frequency of the control signal 2006 should be 
substantially equal to 1.8 GHz, 900 MHZ, 450 MHZ, 300 MHZ, 225 MHZ, etc. The 
frequency of the down-converted PSK signal is substantially equal to one half the 
difference between the lower frequency Fj and the upper frequency Fj. 

As another example, to down-convert a FSK signal to an amplitude shift 
keying (ASK) signal (a subset of AM), either the lower frequency Fj or the upper 
frequency F2 of the FSK signal is down-converted to zero IF. For example, to down- 
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convert an FSK signal having equal to 900 MHZ and F2 equal to 901 MHZ, to an 
ASK signal, the aliasing rate of the control signal 2006 should be substantially equal 
to: 

(900 MHZ - 0 MHZ)/n - 900 MHZ/n, or 
(901 MHZ - 0 MHZ)/n = 901 MHZ/n, 

For the former case of 900 MHZ//?, and for n = 0.5, 1, 2, 3, 4, etc., the frequency of 
the control signal 2006 should be substantially equal to 1.8 GHz, 900 MHZ, 450 
MHZ, 300 MHZ, 225 MHZ, etc. For the latter case of 901 MHZ/«, and for « = 0,5, 
1, 2, 3, 4, etc., the frequency of the control signal 2006 should be substantially equal 
to 1.802 GHz, 901 MHZ, 450.5 MHZ, 300.333 MHZ, 225.25 MHZ, etc. The 
frequency of the down-converted AM signal is substantially equal to the difference 
between the lower frequency F^ and the upper frequency F2 (i.e., 1 MHZ). 

Exemplary time domain and frequency domain drawings, illustrating down- 
conversion of FM signals to non-FM signals, and exemplary methods and systems 
thereof, are disclosed in the U. S . Patent Application entitled "Method and System for 
Down-converting Electromagnetic Signals," Ser. No. 09/176,022, filed October 21, 
1998, issued as U.S. Patent No. 6,061,551 on May 10, 2000. 

In an embodiment, the pulses of the control signal 2006 have negligible 
apertures that tend towards zero. This makes the UFT module 2002 a high input 
impedance device. This configuration is usefial for situations where minimal 
disturbance of the input signal may be desired. 

In another embodiment, the pulses of the control signal 2006 have non- 
negUgible apertures that tend away from zero. This makes the UFT module 2002 a 
lower input impedance device. This allows the lower input impedance of the UFT 
module 2002 to be substantially matched with a source impedance of the input signal 
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2004. This also improves the energy transfer from the input signal 2004 to the down- 
converted output signal 2012, and hence the efficiency and signal to noise (s/n) ratio 
ofUFT module 2002. 

Exemplary systems and methods for generating and optimizing the control 
signal 2006 and for otherwise improving energy transfer and s/n ratio, are disclosed 
in the U.S. Patent Application entitled "Method and System for Down-converting 
Electromagnetic Signals " Ser. No. 09/176,022, filed October 21, 1998, issued as 
U.S. Patent No. 6,061,551 on May 10, 2000. 

When the pulses of the control signal 2006 have non-negligible apertures, the 
aliasing module 2000 is referred to interchangeably herein as an energy transfer 
module or a gated transfer module, and the control signal 2006 is referred to as an 
energy transfer signal. Exemplary systems and methods for generating and optimizing 
the control signal 2006 and for otherwise improving energy transfer and/or signal to 
noise ratio in an energy transfer module are described below. 

2, 1 Optional Energy Transfer Signal Module 

FIG. 94 illustrates an energy transfer system 9401 that includes an optional 
energy transfer signal module 9402, which can perform any of a variety of ftinctions 
or combinations of functions including, but not limited to, generating the energy 
transfer signal 9405. 

In an embodiment, the optional energy transfer signal module 9402 includes 
an aperture generator, an example of which is illustrated in FIG. 93C as an aperture 
generator 9320. The aperture generator 9320 generates non-negligible aperture 
pulses 9326 from an input signal 9324. The input signal 9324 can be any type of 
periodic signal, including, but not limited to, a sinusoid, a square wave, a saw-tooth 
wave, etc. Systems for generating the input signal 9324 are described below. 



-29- 



The width or aperture of the pulses 9326 is determined by delay through the 
branch 9322 of the aperture generator 9320. Generally, as the desired pulse width 
increases, the difficulty in meeting the requirements of the aperture generator 9320 
decrease. In other words, to generate non-negligible aperture pulses for a given EM 
input frequency, the components utilized in the example aperture generator 9320 do 
not require as fast reaction times as those that are required in an under-sampling 
system operating with the same EM input frequency. 

The example logic and implementation shown in the aperture generator 9320 
are provided for illustrative purposes only, and are not limiting. The actual logic 
employed can take many forms. The example aperture generator 9320 includes an 
optional inverter 9328, which is shown for polarity consistency with other examples 
provided herein. 

An example implementation of the aperture generator 9320 is illustrated in 
FIG. 93D. Additional examples of aperture generation logic are provided in FIGS. 
93A and 93B. FIG. 93A illustrates a rising edge pulse generator 9340, which 
generates pulses 9326 on rising edges of the input signal 9324. FIG. 93B illustrates 
a falling edge pulse generator 9350, which generates pulses 9326 on falling edges of 
the input signal 9324. 

In an embodiment, the input signal 9324 is generated externally of the energy 
transfer signal module 9402, as illustrated in FIG. 94. Alternatively, the input signal 
9324 is generated internally by the energy transfer signal module 9402. The input 
signal 9324 can be generated by an oscillator, as illustrated in FIG. 93E by an 
oscillator 9330. The oscillator 9330 can be internal to the energy transfer signal 
module 9402 or external to the energy transfer signal module 9402. The oscillator 
9330 can be external to the energy transfer system 940 1 . The output of the oscillator 
9330 may be any periodic waveform. 
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The type of down-conversion performed by the energy transfer system 9401 
depends upon the aliasing rate of the energy transfer signal 9405, which is determined 
by the frequency of the pulses 9326. The frequency of the pulses 9326 is determined 
bythe frequency oftheinput signal 9324. For example, when the frequency of the 
input signal 9324 is substantially equal to a harmonic or a sub-harmonic of the EM 
signal 9408, the EM signal 9408 is directly down-converted to baseband (e.g. when 
the EM signal is an AM signal or a PM signal), or converted from FM to a non-FM 
signal. When the frequency of the input signal 9324 is substantially equal to a 
harmonic or a sub-harmonic of a difference frequency, the EM signal 9408 is down- 
converted to an intermediate signal. 

The optional energy transfer signal module 9402 can be implemented in 
hardware, software, firmware, or any combination thereof 

2 2 Smoothing the Down-Converted Signal 

Referring back to FIG. 20 A, the down-converted output signal 2012 may be 
smoothed by filtering as desired. 

2. 3. Impedance Matching 

The energy transfer module 2000 has input and output impedances generally 
defined by (1) the duty cycle of the switch module (i.e., UFT 2002), and (2) the 
impedance of the storage module (e.g,, capacitor 2010), at the frequencies of interest 
(e.g. at the EM input, and intermediate^aseband frequencies). 

Starting with an aperture vddth of approximately V2 the period of the EM 
signal being down-converted as a preferred embodiment, this aperture width (e.g. the 
"closed time") can be decreased. As the aperture width is decreased, the 
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characteristic impedance at the input and the output of the energy transfer module 
increases. Alternatively, as the aperture width increases from 'A the period of the EM 
signal being down-converted, the impedance of the energy transfer module decreases. 

One of the steps in determining the characteristic input impedance of the 
energy transfer module could be to measure its value. In an embodiment, the energy 
transfer module's characteristic input impedance is 300 ohms. An impedance 
matching circuit can be utilized to efficiently couple an input EM signal that has a 
source impedance of, for example, 50 ohms, with the energy transfer module's 
impedance of, for example, 300 ohms. Matching these impedances can be 
accomplished in various manners, including providing the necessary impedance 
directly or the use of an impedance match circuit as described below. 

Referring to FIG. 95, a specific embodiment using an RF signal as an input, 
assuming that the impedance 9512 is a relatively low impedance of approximately 50 
Ohms, for example, and the input impedance 9516 is approximately 300 Ohms, an 
initial configuration for the input impedance match module 9506 can include an 
inductor 9706 and a capacitor 9708, configured as shown in FIG. 97. The 
configuration of the inductor 9706 and the capacitor 9708 is a possible configuration 
when going from a low impedance to a high impedance. Inductor 9706 and the 
capacitor 9708 constitute an L match, the calculation of the values which is well 
known to those skilled in the relevant arts. 

The output characteristic impedance can be impedance matched to take into 
consideration the desired output frequencies. One of the steps in determining the 
characteristic output impedance of the energy transfer module could be to measure 
its value. Balancing the very low impedance of the storage module at the input EM 
frequency, the storage module should have an impedance at the desired output 
frequencies that is preferably greater than or equal to the load that is intended to be 
driven (for example, in an embodiment, storage module impedance at a desired IMHz 
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output frequency is 2K ohm and the desired load to be driven is 50 ohms). An 
additional benefit of impedance matching is that filtering of unwanted signals can also 
be accomplished with the same components. 

In an embodiment, the energy transfer module's characteristic output 
impedance is 2K ohms. An impedance matching circuit can be utiUzed to efficiently 
couple the down-converted signal with an output impedance of, for example, 2K 
ohms, to a load of, for example, 50 ohms. Matching these impedances can be 
accompUshed in various manners, including providing the necessary load impedance 
directly or the use of an impedance match circuit as described below. 

When matching fi-om a high impedance to a low impedance, a capacitor 97 14 
and an inductor 9716 can be configured for the output impedance match 9508, as 
shown in FIG. 97. The capacitor 9714 and the inductor 9716 constitute an L match, 
the calculation of the component values being well known to those skilled in the 
relevant arts. 

The configuration of the input impedance match module 9506 and the output 
impedance match module 9508 are considered to be initial starting points for 
impedance matching, in accordance with the present invention. In some situations, 
the initial designs may be suitable without fiirther optimization. In other situations, 
the initial designs can be optimized in accordance with other various design criteria 
and considerations. 

As other optional optimizing structures and/or components are utilized, their 
affect on the characteristic impedance of the energy transfer module should be taken 
into account in the match along with their own original criteria. 



Z 4 Tanks and Resonant Structures 



-33- 



Resonant tank and other resonant structures can be used to further optimize 
the energy transfer characteristics of the invention. For example, resonant structures, 
resonant about the input frequency, can be used to store energy from the input signal 
when the switch is open, a period during which one may conclude that the 
architecture would otherwise be limited in its maximum possible efficiency. Resonant 
tank and other resonant structures can include, but are not limited to, surface acoustic 
wave (SAW) filters, dielectric resonators, diplexers, capacitors, inductors, etc. 

An example embodiment is shown in FIG. 107 A. Two additional 
embodiments are shown in FIG. 112 and FIG. 110. Alternate implementations will be 
apparent to persons skilled in the relevant art(s) based on the teachings contained 
herein. Alternate implementations fall within the scope and spirit of the present 
invention. These implementations take advantage of properties of series and parallel 
(tank) resonant circuits. 

FIG. 1 07 A illustrates parallel tank circuits in a differential implementation. A 
first parallel resonant or tank circuit consists of a capacitor 10738 and an inductor 
10720 (tankl). A second tank circuit consists of a capacitor 10734 and an inductor 
10736 (tank2). 

As is apparent to one skilled in the relevant art(s), parallel tank circuits 
provide: 

low impedance to frequencies below resonance; 
low impedance to frequencies above resonance; and 
high impedance to frequencies at and near resonance. 
In the illustrated example of FIG. 107A, the first and second tank circuits 
resonate at approximately 920 Mhz. At and near resonance, the impedance of these 
circuits is relatively high. Therefore, in the circuit configuration shown in FIG 107A, 
both tank circuits appear as relatively high impedance to the input frequency of 950 
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MHZ, while simultaneously appearing as relatively low impedance to frequencies in 
the desired output range of 50 Mhz. 

An energy transfer signal 10742 controls a switch 10714. When the energy 
transfer signal 10742 controls the switch 10714 to open and close, high frequency 
signal components are not allowed to pass through tank! or tank2. However, the 
lower signal components (50Mhz in this embodiment) generated by the system are 
allowed to pass through tankl and tank2 with little attenuation. The effect of tankl 
and tank2 is to further separate the input and output signals from the same node 
thereby producing a more stable input and output impedance. Capacitors 10718 and 
10740 act to store the 50 MHZ output signal energy between energy transfer pulses. 

Further energy transfer optimization is provided by placing an inductor 10710 
in series with a storage capacitor 10712 as shown. In the illustrated example, the 
series resonant frequency of this circuit arrangement is approximately 1 GHz. This 
circuit increases the energy transfer characteristic of the system. The ratio of the 
impedance of inductor 10710 and the impedance of the storage capacitor 10712 is 
preferably kept relatively small so that the majority of the energy available will be 
transferred to storage capacitor 10712 during operation. Exemplary output signals 
A and B are illustrated in FIGs. 107B and 107C, respectively. 

In FIG. 107A, circuit components 10704 and 10706 form an input impedance 
match. Circuit components 10732 and 10730 form an output impedance match into 
a 50 ohm resistor 10728. Circuit components 10722 and 10724 form a second output 
impedance match into a 50 ohm resistor 10726. Capacitors 10708 and 10712 act as 
storage capacitors for the embodiment. Voltage source 10746 and resistor 10702 
generate a 950 MHZ signal with a 50 ohm output impedance, which are used as the 
input to the circuit. Circuit element 10716 includes a 150 MHZ oscillator and apulse 
generator, which are used to generate the energy transfer signal 10742. 
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FIG. 102 illustrates a shunt tank circuit 10210 in a single-ended to-single- 
ended system 10212. Similarly, FIG, 1 10 illustrates a shunt tank circuit 1 1010 in a 
system 11012. The tank circuits 10210 and 1 1010 lower driving source impedance, 
which improves transient response. The tank circuits 10210 and 1 1010 are able store 
the energy from the input signal and provide a low driving source impedance to 
transfer that energy throughout the aperture of the closed switch. The transient 
nature of the switch aperture can be viewed as having a response that, in addition to 
including the input frequency, has large component frequencies above the input 
frequency, (i.e. higher frequencies than the input frequency are also able to effectively 
pass through the aperture). Resonant circuits or structures, for example resonant 
tanks 10210 or 1 1010, can take advantage of this by being able to transfer energy 
throughout the switch's transient frequency response (i . e. the capacitor in the resonant 
tank appears as a low driving source impedance during the transient period of the 
aperture). 

The example tank and resonant structures described above are for illustrative 
purposes and are not limiting. Alternate configurations can be utilized. The various 
resonant tanks and structures discussed can be combined or utilized independently as 
is now apparent. 

2. 5 Charge and Power Transfer Concepts 

Concepts of charge transfer are now described with reference to FIGS. 1 18A- 
F. FIG. 1 1 8 A illustrates a circuit 1 1 802, including a switch S and a capacitor 1 1 806 
having a capacitance C, The switch S is controlled by a control signal 1 1808, which 
includes pulses 11810 having apertures T. 
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In FIG. 1 1 8B, Equation A illustrates that the charge q on a capacitor having 
a capacitance C, such as the capacitor 1 1806, is proportional to the voltage V across 
the capacitor, where: 

q == Charge in Coulombs 
C = Capacitance in Farads 
V = Voltage in Volts 
A = Input Signal Amplitude 

Where the voltage V is represented by Equation B, Equation A can be 
rewritten as Equation C. The change in charge Aq over time t is illustrated as in 
Equation D as Aq(t), which can be rewritten as Equation E. Using the sum-to- 
product trigonometric identity of Equation F, Equation E can be rewritten as 
Equation G, which can be rewritten as equation H. 

Note that the sin term in Equation B is a function of the aperture T only. 
Thus, Aq(t) is at a maximum when T is equal to an odd multiple of n: (i.e., tt, 3tz, 5n, 
. . . ). Therefore, the capacitor 10906 experiences the greatest change in charge when 
the aperture T has a value of ti: or a time interval representative of 1 80 degrees of the 
input sinusoid. Conversely, when T is equal to 27r, 471, 6tz, . . ., minimal charge is 
transferred. 

Equations I, J, and K solve for q(t) by integrating Equation A, allov^ng the 
charge on the capacitor 1 1806 with respect to time to be graphed on the same axis as 
the input sinusoid sin(t), as illustrated in the graph of FIG. 1 18C. As the aperture T 
decreases in value or tends toward an impulse, the phase between the charge on the 
capacitor C or q(t) and sin(t) tend toward zero. This is illustrated in the graph of FIG, 
118D, which indicates that the maximum impulse charge transfer occurs near the 
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input voltage maxima. As this graph indicates, considerably less charge is transferred 
as the value of T decreases. 

Power/charge relationships are illustrated in Equations L-Q of FIG. 118E, 
where it is shown that power is proportional to charge, and transferred charge is 
inversely proportional to insertion loss. 

Concepts of insertion loss are illustrated in FIG. 11 8F. Generally, the noise 
figure of a lossy passive device is numerically equal to the device insertion loss. 
Alternatively, the noise figure for any device cannot be less that its insertion loss. 
Insertion loss can be expressed by the equations in FIG. 11 8F. From the above 
discussion, it is observed that as the aperture T increases, more charge is transferred 
fi-om the input to the capacitor 1 1 806, which increases power transfer fi-om the input 
to the output. It has been observed that it is not necessary to accurately reproduce 
the input voltage at the output because relative modulated amplitude and phase 
information is retained in the transferred power. 

2. 6 Optimizing and Adjusting the Non-Negligible Aperture 
Width/Duration 

2 6. 1 Varying Input and Output Impedances 

In an embodiment of the invention, the energy transfer signal (i.e., control 
signal 2006 in FIG. 20A), is used to vary the input impedance seen by the EM Signal 
2004 and to vary the output impedance driving a load. An example of this 
embodiment is described below using a gated transfer module 9803 shown in FIG. 
98 A. The method described below is not limited to the gated transfer module 9803 . 

In FIG. 98A, when switch 9806 is closed, the impedance looking into circuit 
9802 is substantially the impedance of a storage module, illustrated here as a storage 
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capacitance 9808, in parallel with the impedance of a load 9812. When the switch 
9806 is open, the impedance at point 9814 approaches infinity. It follows that the 
average impedance at point 9814 can be varied fi-om the impedance of the storage 
module illustrated in parallel with the load 9812, to the highest obtainable impedance 
when switch 9806 is open, by varying the ratio of the time that switch 9806 is open 
to the time switch 9806 is closed. The switch 9806 is controlled by an energy transfer 
signal 9810. Thus the impedance at point 9814 can be varied by controlling the 
aperture width of the energy transfer signal in conjunction with the aliasing rate. 

An example method of altering the energy transfer signal 9810 of FIG. 98 A 
is now described with reference to FIG. 96A, where a circuit 9602 receives an input 
oscillating signal 9606 (FIG. 96C) and outputs a pulse train shown as doubler output 
signal 9604 . The circuit 9602 can be used to generate the energy transfer signal 98 1 0. 
Example waveforms of 9604 are shown on FIG. 96C. 

It can be shown that by varying the delay of the signal propagated by the 
inverter 9608, the width of the pulses in the doubler output signal 9604 can be varied. 
Increasing the delay of the signal propagated by inverter 9608, increases the width of 
the pulses. The signal propagated by inverter 9608 can be delayed by introducing a 
R/C low pass network in the output of inverter 9608. Other means of altering the 
delay of the signal propagated by inverter 9608 will be well known to those skilled in 
the art. 

2. 6. 2 Real Time Aperture Control 

In an embodiment, the aperture width/duration is adjusted in real time. For 
example, referring to the timing diagrams in FIGS. IIIB-F, a clock signal 11114 
(FIG. 11 IB) is utilized to generate an energy transfer signal 11116 (FIG. 11 IF), 
which includes energy transfer pluses 11118, having variable apertures 1 1 120. In an 
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embodiment, the clock signal 11 114 is inverted as illustrated by inverted clock signal 
1 1 122 (FIG. 1 1 ID). The clock signal 1 1 114 is also delayed, as illustrated by delayed 
clock signal 1 1 124 (FIG. 1 1 IE). The inverted clock signal 1 1 1 14 and the delayed 
clock signal 1 1 124 are then ANDed together, generating an energy transfer signal 
11116, which is active - energy transfer pulses 1 1 1 1 8 - when the delayed clock signal 
1 1 124 and the inverted clock signal 1 1 122 are both active. The amount of delay 
imparted to the delayed clock signal 11124 substantially determines the width or 
duration of the apertures 1 1 120. By varying the delay in real time, the apertures are 
adjusted in real time. 

In an alternative implementation, the inverted clock signal 1 1 122 is delayed 
relative to the original clock signal 11114, and then ANDed with the original clock 
signal 11114. Alternatively, the origmal clock signal 1 1 1 14 is delayed then inverted, 
and the result ANDed with the original clock signal 1 1 1 14. 

FIG. 1 1 1 A illustrates an exemplary real time aperture control system 1 1 102 
that can be utilized to adjust apertures in real time. The example real time aperture 
control system 1 1 102 includes an RC circuit 1 1 104, which includes a voltage variable 
capacitor 11112 and a resistor 1 1 126. The real time aperture control system 1 1 102 
also includes an inverter 11106 and an AND gate 11108. The AND gate 11108 
optionally includes an enable input 1 1 1 1 0 for enabling/disabling the AND gate 11108. 
The RC circuit 11104. The real time aperture control system 11102 optionally 
includes an ampUfier 1 1 128. 

Operation of the real time aperture control circuit is described with reference 
to the timing diagrams ofFIGS. IIIB-F. The real time control system 11 102 receives 
the input clock signal 11114, which is provided to both the inverter 1 1 106 and to the 
RC circuit 1 1 104. The inverter 1 1 106 outputs the inverted clock signal 1 1 122 and 
presents it to the AND gate 1 1 108. The RC circuit 1 1 104 delays the clock signal 
1 1 1 14 and outputs the delayed clock signal 1 1 124. The delay is determined primarily 
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by the capacitance of the voltage variable capacitor 11112. Generally, as the 
capacitance decreases, the delay decreases. 

The delayed clock signal 11124 is optionally amplified by the optional 
amplifier 1 1 128, before being presented to the AND gate 1 1 108. Amplification is 
desired, for example, where the RC constant of the RC circuit 1 1 104 attenuates the 
signal below the threshold of the AND gate 1 1 108. 

The AND gate 11108 ANDs the delayed clock signal 11124, the inverted 
clock signal 11122, and the optional Enable signal 11110, to generate the energy 
transfer signal 11116. The apertures 1 1 120 are adjusted in real time by varying the 
vohage to the voltage variable capacitor 11112. 

In an embodiment, the apertures 11120 are controlled to optimize power 
transfer. For example, in an embodiment, the apertures 11120 are controlled to 
maximize power transfer. Alternatively, the apertures 11120 are controlled for 
variable gain control (e.g. automatic gain control - AGC). In this embodiment, power 
transfer is reduced by reducing the apertures 1 1 120. 

As can now be readily seen from this disclosure, many of the aperture circuits 
presented, and others, can be modified as in circuits illustrated in FIGS. 93A-E. 
Modification or selection of the aperture can be done at the design level to remain a 
fixed value in the circuit, or in an alternative embodiment, may be dynamically 
adjusted to compensate for, or address, various design goals such as receiving RF 
signals with enhanced efficiency that are in distinctively different bands of operation, 
e.g. RF signals at 900 MHZ and 1.8 GHz. 

2. 7 Adding a Bypass Network 

In an embodiment of the invention, a bypass network is added to improve the 
eflBciency of the energy transfer module. Such a bypass network can be viewed as a 
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means of synthetic aperture widening. Components for a bypass network are selected 
so that the bypass network appears substantially lower impedance to transients of the 
switch module (i.e., frequencies greater than the received EM signal) and appears as 
a moderate to high impedance to the input EM signal (e.g., greater that 100 Ohms at 
the RF frequency). 

The time that the input signal is now connected to the opposite side of the 
switch module is lengthened due to the shaping caused by this network, which in 
simple realizations may be a capacitor or series resonant inductor-capacitor. A 
network that is series resonant above the input frequency would be a typical 
implementation. This shaping improves the conversion efficiency of an input signal 
that would otherwise, if one considered the aperture of the energy transfer signal only, 
be relatively low in frequency to be optimal. 

For example, referring to FIG. 108 a bypass network 10802 shown in this 
instance as capacitor 10812), is shown bypassing switch module 10804. In this 
embodiment the bypass network increases the efficiency of the energy transfer module 
when, for example, less than optimal aperture widths were chosen for a given input 
frequency on the energy transfer signal 10806. The bypass network 10802 could be 
of different configurations than shown in FIG 108. Such an alternate is illustrated in 
FIG. 104. Similarly, FIG. 109 illustrates another example bypass network 10902, 
including a capacitor 10904. 

The following discussion will demonstrate the effects of a minimized aperture 
and the benefit provided by a bypassing network. Beginning with an initial circuit 
having a 550ps aperture in FIG. 1 12, its output is seen to be 2.8mVpp applied to a 50 
ohm load in FIG. 1 1 6 A. Changing the aperture to 270ps as shown in FIG 1 1 3 results 
in a diminished output of 2.5Vpp applied to a 50 ohm load as shown in FIG. 1 16B. 
To compensate for this loss, a bypass network may be added, a specific 
implementation is provided in FIG. 1 14 . The result of this addition is that 3 2 Vpp can 
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now be applied to the 50 ohm load as shown in FIG. 117A. The circuit with the 
bypass network in FIG. 1 14 also had three values adjusted in the surrounding circuit 
to compensate for the impedance changes introduced by the bypass network and 
narrowed aperture. FIG. 115 verifies that those changes added to the circuit, but 
without the bypass network, did not themselves bring about the increased efficiency 
demonstrated by the embodiment in FIG. 1 14 with the bypass network. FIG. 1 17B 
shows the result of using the circuit in FIG. 1 15 in which only 1.88Vpp was able to 
be applied to a 50 ohm load. 



2. 8 Modifying the Energy Transfer Signal Utilizing Feedback 

As discussed herein, FIG. 94 shows an embodiment of a system 9401 which 
uses down-converted signal 9407 as feedback 9406 to control various characteristics 
of the energy transfer module 9403 to modify the down-converted signal 9407. 

Generally, the amplitude of the down-converted signal 9407 varies as a 
fimction of the fi-equency and phase differences between the EM signal 9408 and the 
energy transfer signal 9405. In an embodiment, the down-converted signal 9407 is 
used as the feedback 9406 to control the fi-equency and phase relationship between 
the EM signal 9408 and the energy transfer signal 9405. This can be accompUshed 
using the example logic in FIG 99 A. The example circuit in FIG. 99 A can be included 
in the energy transfer signal module 9402. Alternate implementations will be apparent 
to persons skilled in the relevant art(s) based on the teachings contained herein. 
Alternate implementations fall within the scope and spirit of the present invention. In 
this embodiment a state-machine is used as an example. 

In the example of FIG. 99 A, a state machine 9904 reads an analog to digital 
converter, A/D 9902, and controls a digital to analog converter, DAC 9906. In an 
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embodiment, the state machine 9904 includes 2 memory locations. Previous and 
Current, to store and recall the results of reading A/D 9902. In an embodiment, the 
state machine 9904 utilizes at least one memory flag. 

The DAC 9906 controls an input to a voltage controlled oscillator, VCO 
9908. VCO 9908 controls a frequency input of a pulse generator 9910, which, in an 
embodiment, is substantially similar to the pulse generator shown in FIG. 93 C. The 
pulse generator 9910 generates energy transfer signal 9405. 

In an embodiment, the state machine 9904 operates in accordance with a state 
machine flowchart 9919 in FIG. 99B. The result of this operation is to modify the 
frequency and phase relationship between the energy transfer signal 9405 and the EM 
signal 9408, to substantially maintain the amplitude of the down-converted signal 
9407 at an optimum level 

The amplitude of the down-converted signal 9407 can be made to vary with 
the amplitude of the energy transfer signal 9405 . In an embodiment where the switch 
module 9205 is a FET as shown in FIG 92A, wherein the gate 9204 receives the 
energy transfer signal 9405, the amplitude of the energy transfer signal 9405 can 
determine the "on" resistance of the FET, which affects the amplitude of the down- 
converted signal 9407. The energy transfer signal module 9402, as shown in FIG. 
99C, can be an analog circuit that enables an automatic gain control function. 
Alternate implementations will be apparent to persons skilled in the relevant art(s) 
based on the teachings contained herein. Alternate implementations fall within the 
scope and spirit of the present invention, 

2 9 Other Implementations 

The implementations described above are provided for purposes of illustration. 
These implementations are not intended to limit the invention. Alternate 
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implementations, differing slightly or substantially from those described herein, will 
be apparent to persons skilled in the relevant art(s) based on the teachings contained 
herein. Such alternate implementations fall within the scope and spirit of the present 
invention. 

2,10 Example Energy Transfer Down-Converters 

Example implementations are described below for illustrative purposes. The 
invention is not limited to these examples. 

FIG. 100 is a schematic diagram of an exemplary circuit to down convert a 
915 MHZ signal to a 5 MHZ signal using a 101. 1 MHZ clock, 

FIG. 101 shows example simulation waveforms for the circuit of figure 100. 
Waveform 10002 is the input to the circuit showing the distortions caused by the 
switch closure. Waveform 10004 is the unfiltered output at the storage unit. 
Waveform 10006 is the impedance matched output of the down-converter on a 
different time scale. 

FIG. 102 is a schematic diagram of an exemplary circuit to down-convert a 
915 MHZ signal to a 5 MHZ signal using a 101.1 MHZ clock. The circuit has 
additional tank circuitry to improve conversion efficiency. 

FIG. 103 shows example simulation waveforms for the circuit of figure 102, 
Waveform 10202 is the input to the circuit shoving the distortions caused by the 
switch closure. Waveform 10204 is the unfiltered output at the storage unit. 
Waveform 10206 is the output of the down-converter after the impedance match 
circuit. 

FIG. 104 is a schematic diagram of an exemplary circuit to dovm-convert a 
915 MHZ signal to a 5 MHZ signal using a 101 . 1 MHZ clock. The circuit has switch 
bypass circuitry to improve conversion efficiency. 
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FIG. 105 shows example simulation waveforms for the circuit of figure 104. 
Waveform 10402 is the input to the circuit showing the distortions caused by the 
switch closure. Waveform 10404 is the unfiltered output at the storage unit. 
Waveform 10406 is the output of the down-converter after the impedance match 
circuit. 

FIG. 106 shows a schematic of the example circuit in FIG. 100 connected to 
an FSK source that alternates between 913 and 917 MHZ, at a baud rate of 500 
Kbaud. FIG. 93 shows the original FSK waveform 9202 and the down-converted 
waveform 9204 at the output of the load impedance match circuit. 

3.0 Frequency Up-conversion 

The present invention is directed to systems and methods of frequency up- 
conversion, and applications of same. 

An example fi-equency up-conversion system 300 is illustrated in FIG. 3 . The 
fi-equency up-conversion system 300 is now described. 

An input signal 302 (designated as "Control Signal" in FIG. 3) is accepted by 
a switch module 304. For purposes of example only, assume that the input signal 302 
is a FM input signal 606, an example of which is shown in FIG. 6C. FM input signal 
606 may have been generated by modulating information signal 602 onto oscillating 
signal 604 (FIGS. 6A and 6B). It should be understood that the invention is not 
limited to this embodiment. The information signal 602 can be analog, digital, or any 
combination thereof, and any modulation scheme can be used. 

The output of switch module 304 is a harmonically rich signal 306, shown for 
example in FIG 6D as a harmonically rich signal 608. The harmonically rich signal 
608 has a continuous and periodic waveform. 
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FIG. 6E is an expanded view of two sections of harmonically rich signal 608, 
section 610 and section 612. The harmonically rich signal 608 may be a rectangular 
wave, such as a square wave or a pulse (although, the invention is not limited to this 
embodiment). For ease of discussion, the term "rectangular waveform" is used to 
refer to waveforms that are substantially rectangular. In a similar manner, the term 
"square wave" refers to those waveforms that are substantially square and it is not the 
intent of the present invention that a perfect square wave be generated or needed. 

Harmonically rich signal 608 is comprised of a plurality of sinusoidal waves 
whose frequencies are integer multiples of the fundamental frequency of the waveform 
of the harmonically rich signal 608. These sinusoidal waves are referred to as the 
harmonics of the underlying waveform, and the fundamental frequency is referred to 
as the first harmonic. FIG. 6F and FIG. 6G show separately the sinusoidal 
components making up the first, third, and fifth harmonics of section 61 0 and section 
612. (Note that in theory there may be an infinite number of harmonics; in this 
example, because harmonically rich signal 608 is shown as a square wave, there are 
only odd harmonics). Three harmonics are shovm simultaneously (but not summed) 
inFIG. 6H. 

The relative amplitudes of the harmonics are generally a function of the 
relative widths of the pulses of harmonically rich signal 306 and the period of the 
fundamental frequency, and can be determined by doing a Fourier analysis of 
harmonically rich signal 306. According to an embodiment of the invention, the input 
signal 606 may be shaped to ensure that the amplitude of the desired harmonic is 
sufficient for its intended use (e.g., transmission). 

A filter 308 filters out any undesired frequencies (harmonics), and outputs an 
electromagnetic (EM) signal at the desired harmonic frequency or frequencies as an 
output signal 310, shown for example as a filtered output signal 614 in FIG. 61. 
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FIG. 4 illustrates an example universal frequency up-conversion (UFU) 
module 401 . The UFU module 401 includes an example switch module 304, which 
comprises a bias signal 402, a resistor or impedance 404, a universal frequency 
translator (UFT) 450, and a ground 408. The UFT 450 includes a switch 406. The 
input signal 302 (designated as "Control Signal" in FIG. 4) controls the svdtch 406 
in the UFT 450, and causes it to close and open. Harmonically rich signal 306 is 
generated at a node 405 located between the resistor or impedance 404 and the switch 
406. 

Also in FIG. 4, it can be seen that an example filter 308 is comprised of a 
capacitor 4 1 0 and an inductor 4 1 2 shunted to a ground 414. The filter is designed to 
filter out the undesired harmonics of harmonically rich signal 306. 

The invention is not limited to the UFU embodiment shovm in FIG. 4. 

For example, in an alternate embodiment shown in FIG. 5, an unshaped input 
signal 501 is routed to a pulse shaping module 502. The pulse shaping module 502 
modifies the unshaped input signal 501 to generate a (modified) input signal 302 
(designated as the "Control Signal" in FIG. 5). The input signal 302 is routed to the 
switch module 304, which operates in the manner described above. Also, the filter 
308 of FIG. 5 operates in the manner described above. 

The purpose of the pulse shaping module 502 is to define the pulse width of 
the input signal 302. Recall that the input signal 302 controls the opening and closing 
of the sv^tch 406 in switch module 304. During such operation, the pulse width of 
the input signal 302 establishes the pulse width of the harmonically rich signal 306. 
As stated above, the relative amplitudes of the harmonics of the harmonically rich 
signal 306 are a fimction of at least the pulse width of the harmonically rich signal 
306. As such, the pulse width of the input signal 302 contributes to setting the 
relative amplitudes of the harmonics of harmonically rich signal 306. 
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Further details of up-conversion as described in this section are presented in 
pending U.S. application "Method and System for Frequency Up-Conversion," Ser. 
No. 09/176,154, filed October 21, 1998, incorporated herein by reference in its 
entirety. 

4. Enhanced Signal Reception 

The present invention is directed to systems and methods of enhanced signal 
reception (ESR), and applications of same. 

Referring to FIG. 21, transmitter 2104 accepts a modulating baseband signal 
2102 and generates (transmitted) redundant spectrums 2106a-n, which are sent over 
communications medium 2108. Receiver 2112 recovers a demodulated baseband 
signal 2114 from (received) redundant spectrums 2110a-n. Demodulated baseband 
signal 21 14 is representative of the modulating baseband signal 2102, where the level 
of similarity between the modulating baseband signal 2114 and the modulating 
baseband signal 2102 is application dependent. 

Modulating baseband signal 2102 is preferably any information signal desired 
for transmission and/or reception. An example modulating baseband signal 2202 is 
illustrated in FIG. 22A, and has an associated modulating baseband spectrum 2204 
and image spectrum 2203 that are illustrated inFIG. 22B . Modulating baseband signal 
2202 is illustrated as an analog signal in FIG. 22a, but could also be a digital signal, 
or combination thereof Modulating baseband signal 2202 could be a voltage (or 
current) characterization of any number of real worid occurrences, including for 
example and without limitation, the voltage (or current) representation for a voice 
signal. 

Each transmitted redundant spectrum 2106a-n contains the necessary 
information to substantially reconstruct the modulating baseband signal 2 1 02. In other 
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words, each redundant spectaim 2106a-n contains the necessary amplitude, phase, 
and frequency information to reconstruct the modulating baseband signal 2102. 

FIG. 22C illustrates example transmitted redundant spectrums 2206b-d, 
Transmitted redundant spectrums 2206b-d are illustrated to contain three redundant 
spectrums for illustration purposes only. Any number of redundant spectrums could 
be generated and transmitted as will be explained in following discussions. 

Transmitted redundant spectrums 2206b-d are centered at fi, with a frequency 
spacing fj between adjacent spectrums. Frequencies fj and fj are dynamically 
adjustable in real-time as will be shown below. FIG. 22D illustrates an alternate 
embodiment, where redundant spectrums 2208c,d are centered on unmodulated 
oscillating signal 2209 at f^ (Hz). Oscillating signal 2209 may be suppressed if desired 
using, for example, phasing techniques or filtering techniques. Transmitted redundant 
spectrums are preferably above baseband frequencies as is represented by break 2205 
in the frequency axis of FIGS. 22C and 22D. 

Received redundant spectrums 211 Oa-n are substantially similar to transmitted 
redundant spectrums 2106a-n, except for the changes introduced by the 
communications medium 2108. Such changes can include but are not limited to signal 
attenuation, and signal interference. FIG. 22E illustrates example received redundant 
spectrums 22 1 Ob-d. Received redundant spectrums 22 1 Ob-d are substantially similar 
to transmitted redundant spectrums 2206b-d, except that redundant spectrum 2210c 
includes an undesired jamming signal spectrum 2211 in order to illustrate some 
advantages of the present invention. Jamming signal spectrum 221 1 is a frequency 
spectrum associated with a jamming signal. For purposes of this invention, a "jamming 
signal" refers to any unwanted signal, regardless of origin, that may interfere with the 
proper reception and reconstruction of an intended signal. Furthermore, the jamming 
signal is not limited to tones as depicted by spectrum 221 1, and can have any spectral 
shape, as will be understood by those skilled in the art(s). 
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As stated above, demodulated baseband signal 21 14 is extracted from one or 
more of received redundant spectrums 2210b-d. FIG. 22F illustrates example 
demodulated baseband signal 2212 that is, in this example, substantially similar to 
modulating baseband signal 2202 (FIG. 22A); where in practice, the degree of 
similarity is application dependent. 

An advantage of the present invention should now be apparent. The recovery 
of modulating baseband signal 2202 can be accomplished by receiver 21 12 in spite of 
the fact that high strength jamming signal(s) (e.g. jamming signal spectrum 2211) 
exist on the communications medium. The intended baseband signal can be recovered 
because multiple redundant spectrums are transmitted, where each redundant 
spectrum carries the necessary information to reconstruct the baseband signal. At the 
destination, the redundant spectrums are isolated from each other so that the baseband 
signal can be recovered even if one or more of the redundant spectrums are corrupted 
by a jamming signal. 

Transmitter 2104 will now be explored in greater detail FIG. 23 A illustrates 
transmitter 2301, which is one embodiment of transmitter 2104 that generates 
redundant spectrums configured similar to redundant spectrums 2206b-d. Transmitter 
2301 includes generator 2303, optional spectrum processing module 2304, and 
optional medium interface module 2320, Generator 2303 includes: first oscillator 
2302, second oscillator 2309, first stage modulator 2306, and second stage modulator 
2310. 

Transmitter 2301 operates as follows. First oscillator 2302 and second 
oscillator 2309 generate a first oscillating signal 2305 and second oscillating signal 
23 12, respectively. First stage modulator 2306 modulates first oscillating signal 2305 
with modulating baseband signal 2202, resulting in modulated signal 23 08 . First stage 
modulator 2306 may implement any type of modulation including but not limited to: 
amplitude modulation, frequency modulation, phase modulation, combinations 
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thereof, or any other type of modulation. Second stage modulator 23 10 modulates 
modulated signal 2308 with second oscillating signal 2312, resulting in multiple 
redundant spectrums 2206a-n shown in FIG. 23B. Second stage modulator 2310 is 
preferably a phase modulator, or a frequency modulator, although other types of 
modulation may be implemented including but not limited to amplitude modulation. 
Each redundant spectrum 2206a-n contains the necessary amplitude, phase, and 
frequency information to substantially reconstruct the modulating baseband signal 
2202. 

Redundant spectrums 2206a-n are substantially centered around fj, which is 
the characteristic frequency of first oscillating signal 2305. Also, each redundant 
spectrum 2206a-n (except for 2206c) is offset fi-om fi by approximately a multiple of 
fj (Hz), where fj is the fi-equency of the second oscillating signal 2312. Thus, each 
redundant spectrum 2206a-n is offset fi-om an adjacent redundant spectrum by fj (Hz). 
This allows the spacing between adjacent redundant spectrums to be adjusted (or 
tuned) by changing fz that is associated with second oscillator 2309. Adjusting the 
spacing between adjacent redundant spectrums allows for dynamic real-time tuning 
of the bandwidth occupied by redundant spectrums 2206a-n. 

In one embodiment, the number of redundant spectrums 2206a-n generated 
by transmitter 2301 is arbitrary and may be unlimited as indicated by the "a-n" 
designation for redundant spectrums 2206a-n. However, a typical communications 
medivmi will have a physical and/or administrative limitations (i.e. FCC regulations) 
that restrict the number of redundant spectrums that can be practically transmitted 
over the communications medium. Also, there may be other reasons to limit the 
number of redundant spectrums transmitted. Therefore, preferably, the transmitter 
2301 will mclude an optional spectrum processing module 2304 to process the 
redundant spectrums 2206a-n prior to transmission over communications medium 
2108. 
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In one embodiment, spectram processing module 2304 includes a filter with 
a passband 2207 (FIG. 23 C) to select redundant spectrums 2206b-d for transmission. 
This will substantially limit the frequency bandwidth occupied by the redundant 
spectrums to the passband 2207. In one embodiment, spectrum processing module 
2304 also up converts redundant spectrums and/or amplifies redundant spectrums 
prior to transmission over the communications medium 2108. Finally, medium 
interface module 2320 transmits redundant spectrums over the communications 
medium 2108. In one embodiment, communications medium 2108 is an over-the-air 
link and medium interface module 2320 is an antenna. Other embodiments for 
communications medium 2 1 08 and medium interface module 2320 will be understood 
based on the teachings contained herein. 

\ FIG. 23D illustrates transmitter 232 1 , which is one embodiment of transmitter 
2104 that generates redundant spectrums configured similar to redundant spectrums 
2208c-d and unmodulated spectrum 2209. Transmitter 232 1 includes generator 23 1 1 , 
(optional) spectrum processing module 23 04, and (optional) medium interface module 
2320. Generator 2311 includes: first oscillator 2302, second oscillator 2309, first 
stage modulator 2306, and second stage modulator 2310. 

As shown in FIG. 23D, many of the components in transmitter 2321 are 
similar to those in transmitter 2301. However, in this embodiment, modulating 
baseband signal 2202 modulates second oscillating signal 2312. Transmitter 2321 
operates as follows. First stage modulator 2306 modulates second oscillating signal 
23 12 with modulating baseband signal 2202, resulting in modulated signal 2322. As 
described earlier, first stage modulator 2306 can effect any type of modulation 
including but not limited to: amplitude modulation frequency modulation, 
combinations thereof, or any other type of modulation. Second stage modulator 23 1 0 
modulates first oscillating signal 2304 with modulated signal 2322, resulting in 
redundant spectrums 2208a-n, as shown in FIG. 23E. Second stage modulator 23 10 
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is preferably a phase or frequency modulator, although other modulators could used 
including but not limited to an amplitude modulator. 

Redundant spectrums 2208a-n are centered on unmodulated spectrum 2209 
(at fi Hz), and adjacent spectrums are separated by fj Hz. The number of redundant 
spectrums 2208a-n generated by generator 23 1 1 is arbitrary and unlimited, similar to 
spectrums 2206a-n discussed above. Therefore, optional spectrum processing module 
2304 may also include a filter with passband 2325 to select, for example, spectrums 
2208c,d for transmission over communications medium 2108. In addition, optional 
spectrum processing module 2304 may also include a filter (such as a bandstop filter) 
to attenuate unmodulated spectrum 2209. Alternatively, unmodulated spectrum 2209 
may be attenuated by using phasing techniques during redundant spectrum generation. 
Finally, (optional) medium interface module 2320 transmits redundant spectrums 
2208c,d over communications medium 2108. 

Receiver 21 12 will now be explored in greater detail to illustrate recovery of 
a demodulated baseband signal fi-om received redundant spectrums. FIG. 24A 
illustrates receiver 2430, which is one embodiment of receiver 2112. Receiver 2430 
includes optional medium interface module 2402, down-converter 2404, spectrum 
isolation module 2408, and data extraction module 2414. Spectrum isolation module 
2408 includes filters 2410a-c. Data extraction module 2414 includes demodulators 
2416a-c, error check modules 2420a-c, and arbitration module 2424. Receiver 2430 
will be discussed in relation to the signal diagrams in FIGS. 24B-24J. 

In one embodiment, optional medium interface module 2402 receives 
redundant spectrums 2210b-d (FIG. 22E, and FIG. 24B). Each redundant spectrum 
2210b-d includes the necessary amplitude, phase, and fi-equency information to 
substantially reconstruct the modulating baseband signal used to generated the 
redundant spectrums. However, in the present example, spectrum 2210c also contains 
j amming signal 22 1 1 , which may interfere with the recovery of a baseband signal fi-om 
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spectrum 22 1 Oc. Down-converter 2404 down-converts received redundant spectrums 
2210b-d to lower intermediate frequencies, resulting in redundant spectrums 2406a-c 
(FIG. 24C). Jamming signal 22 11 is also down-converted to jamming signal 2407, as 
it is contained within redundant spectrum 2406b. Spectrum isolation module 2408 
includes filters 2410a-c that isolate redundant spectrums 2406a-c from each other 
(FIGS. 24D-24F, respectively). Demodulators 2416a-c independently demodulate 
spectrums 2406a-c, resulting in demodulated baseband signals 2418a-c, respectively 
(FIGS. 24G-24I). Error check modules 2420a-c analyze the demodulated baseband 
signals 2418a-c to detect any errors. In one embodiment, each error check module 
2420a-c sets an error flag 2422a-c whenever an error is detected in a demodulated 
baseband signal. Arbitration module 2424 accepts the demodulated baseband signals 
and associated error flags, and selects a substantially error-free demodulated baseband 
signal (FIG. 24J). In one embodiment, the substantially error-free demodulated 
baseband signal will be substantially similar to the modulating baseband signal used 
to generate the received redundant spectrums, where the degree of similarity is 
application dependent. 

Referring to FIGS. 24G-I, arbitration module 2424 will select either 
demodulated baseband signal 241 8a or 241 8c, because error checkmodule 2420b will 
set the error flag 2422b that is associated with demodulated baseband signal 241 8b. 

The error detection schemes implemented by the error detection modules 
include but are not limited to: cyclic redundancy check (CRC) and parity check for 
digital signals, and various error detections schemes for analog signal. 

Further details of enhanced signal reception as described in this section are 
presented in pending U.S. application "Method and System for Ensuring Reception 
of a Communications Signal," Ser. No. 09/176,415, filed October 21, 1998, issued as 
U.S. Patent No. 6,061,555 on May 9, 2000, incorporated herein by reference in its 
entirety. 
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5, Unified Down-conversion and Filtering 

The present invention is directed to systems and methods of unified down- 
conversion and fihering (UDF), and applications of same. 

In particular, the present invention includes a unified down-converting and 
filtering (UDF) module that performs fi"equency selectivity and fi^equency translation 
in a unified (i.e., integrated) manner. By operating in this manner, the invention 
achieves high fi-equency selectivity prior to fi*equency translation (the invention is not 
limited to this embodiment). The invention achieves high fi-equency selectivity at 
substantially any frequency, including but not limited to RF (radio frequency) and 
greater frequencies. It should be understood that the invention is not limited to this 
example of RF and greater frequencies. The invention is intended, adapted, and 
capable of working with lower than radio frequencies. 

FIG. 17 is a conceptual block diagram of a UDF module 1702 according to 
an embodiment of the present invention. The UDF module 1702 performs at least 
frequency translation and frequency selectivity. 

The effect achieved by the UDF module 1702 is to perform the frequency 
selectivity operation prior to the performance of the frequency translation operation. 
Thus, the UDF module 1702 effectively performs input filtering. 

According to embodiments of the present invention, such input filtering 
involves a relatively narrow bandwidth. For example, such input filtering may 
represent channel select filtering, where the filter bandwidth maybe, for example, 50 
KHz to 1 50 KHz. It should be understood, however, that the invention is not limited 
to these frequencies. The invention is intended, adapted, and capable of achieving 
fiher bandwidths of less than and greater than these values. 
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In embodiments of the invention, input signals 1704 received by the UDF 
module 1702 are at radio frequencies. The UDF module 1702 effectively operates to 
input filter these RF input signals 1704. Specifically, in these embodiments, the UDF 
module 1702 effectively performs input, channel select filtering of the RF input signal 
1704, Accordingly, the invention achieves high selectivity at high fi-equencies. 

The UDF module 1702 effectively performs various types of filtering, 
including but not limited to bandpass filtering, low pass filtering, high pass filtering, 
notch filtering, all pass filtering, band stop filtering, etc., and combinations thereof 

Conceptually, the UDF module 1702 includes a fi-equency translator 1708. 
The fi-equency translator 1708 conceptually represents that portion of the UDF 
module 1702 that performs ft'equency translation (down conversion). 

The UDF module 1702 also conceptually includes an apparent input filter 
1706 (also sometimes called an input filtering emulator). Conceptually, the apparent 
input filter 1706 represents that portion of the UDF module 1702 that performs input 
filtering. 

In practice, the input filtering operation performed by the UDF module 1702 
is integrated with the firequency translation operation. The input filtering operation 
can be viewed as being performed concurrently with the firequency translation 
operation. This is a reason why the input filter 1706 is herein referred to as an 
"apparent" input filter 1706. 

The UDF module 1702 of the present invention includes a number of 
advantages. For example, high selectivity at high firequencies is realizable using the 
UDF module 1 702. This feature of the invention is evident by the high Q factors that 
are attainable. For example, and without limitation, the UDF module 1702 can be 
designed with a filter center fi-equency f^ on the order of 900 MHZ, and a filter 
bandwidth on the order of 50 KHz. This represents a Q of 1 8,000 (Q is equal to the 
center fi-equency divided by the bandwidth). 
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It should be understood that the invention is not limited to filters with high Q 
factors. The filters contemplated by the present invention may have lesser or greater 
Qs, depending on the application, design, and/or implementation. Also, the scope of 
the invention includes filters where Q factor as discussed herein is not applicable. 

The invention exhibits additional advantages. For example, the filtering center 
fi-equency fc of the UDF module 1702 can be electrically adjusted, either statically or 
dynamically. 

Also, the UDF module 1702 can be designed to ampUfy input signals. 

Further, the UDF module 1702 can be implemented without large resistors, 
capacitors, or inductors. Also, the UDF module 1702 does not require that tight 
tolerances be maintained on the values of its individual components, i.e., its resistors, 
capacitors, inductors, etc. As a result, the architecture of the UDF module 1702 is 
fiiendly to integrated circuit design techniques and processes. 

The features and advantages exhibited by the UDF module 1702 are achieved 
at least in part by adopting a new technological paradigm with respect to fi^equency 
selectivity and translation. Specifically, according to the present invention, the UDF 
module 1702 performs the fi-equency selectivity operation and the frequency 
translation operation as a single, unified (integrated) operation. According to the 
invention, operations relating to frequency translation also contribute to the 
performance of frequency selectivity, and vice versa. 

According to embodiments of the present invention, the UDF module 
generates an output signal from an input signal using samples/instances of the input 
signal and samples/instances of the output signal. 

More particularly, first, the input signal is under-sampled. This input sample 
includes information (such as amplitude, phase, etc.) representative of the input signal 
existing at the time the sample was taken. 
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As described further below, the effect of repetitively performing this step is 
to translate the frequency (that is, down-convert) of the input signal to a desired lower 
frequency, such as an intermediate frequency (IF) or baseband. 

Next, the input sample is held (that is, delayed). 

Then, one or more delayed input samples (some of which may have been 
scaled) are combined with one or more delayed instances of the output signal (some 
of which may have been scaled) to generate a current instance of the output signal. 

Thus, according to a preferred embodiment of the invention, the output signal 
is generated from prior samples/instances of the input signal and/or the output signal. 
(It is noted that, in some embodiments of the invention, current samples/instances of 
the input signal and/or the output signal may be used to generate current instances of 
the output signal.). By operating in this manner, the UDF module preferably 
performs input filtering and frequency down-conversion in a unified manner. 

FIG. 1 9 illustrates an example implementation of the unified down-converting 
and fihering (UDF) module 1922. The UDF module 1922 performs the frequency 
translation operation and the frequency selectivity operation in an integrated, unified 
manner as described above, and as further described below. 

In the example of FIG. 19, the frequency selectivity operation performed by 
the UDF modiile 1922 comprises a band-pass filtering operation according to the 
equation that follows, which is an example representation of a band-pass filtering 
transfer function. 

VO = a, z'Yl - A z ' VO - A z'VO 

It should be noted, however, that the invention is not limited to band-pass 
fihering. Instead, the invention effectively performs various types of filtering, 



-59- 



including but not limited to bandpass filtering, low pass filtering, high pass filtering, 
notch filtering, all pass filtering, band stop filtering, etc., and conibinations thereof. 
As will be appreciated, there are many representations of any given filter type. The 
invention is applicable to these filter representations. Thus, the equation above is 
referred to herein for illustrative purposes only, and is not limiting. 

The UDF module 1 922 includes a down-convert and delay module 1 924, first 
and second delay modules 1928 and 1930, first and second scaling modules 1932 and 
1934, an output sample and hold module 1936, and an (optional) output smoothing 
module 1938. Other embodiments of the UDF module will have these components 
in different configurations, and/or a subset of these components, and/or additional 
components. For example, and without limitation, in the configuration shown in FIG. 
19, the output smoothing module 1938 is optional. 

As fiirther described below, in the example of FIG, 19, the down-convert and 
delay module 1924 and the first and second delay modules 1928 and 1930 include 
switches that are controlled by a clock having two phases, c[)i and <|>2. and ^2 
preferably have the same fi-equency, and are non-overlapping (alternatively, a plurality 
such as two clock signals having these characteristics could be used). As used herein, 
the term "non-overlapping" is defined as two or more signals where only one of the 
signals is active at any given time. In some embodiments, signals are "active" when 
they are high. In other embodiments, signals are active when they are low. 

Preferably, each of these switches closes on a rising edge of or (f)2, and 
opens on the next corresponding falling edge of 4>i or However, the invention is 
not limited to this example. As will be apparent to persons skilled in the relevant 
art(s), other clock conventions can be used to control the switches.. 

In the example of FIG. 19, it is assumed that ffj is equal to one. Thus, the 
output of the down-convert and delay module 1924 is not scaled. As evident fi"om 
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the embodiments described above, however, the invention is not limited to this 
example. 

The example UDF module 1922 has a filter center firequency of 900.2 MHZ 
and a filter bandwidth of 570 KHz. The pass band of the UDF module 1 922 is on the 
order of 899.915 MHZ to 900.485 MHZ. The Q factor of the UDF module 1922 is 
approximately 1879 (i.e., 900.2 MHZ divided by 570 KHz). 

The operation of the UDF module 1922 shall now be described with reference 
to a Table 1802 (FIG. 18) that indicates example values at nodes in the UDF module 
1922 at a number of consecutive time increments. It is assumed in Table 1802 that 
the UDF module 1922 begins operating at time t-1. As indicated below, the UDF 
module 1922 reaches steady state a few time units after operation begins. The 
number of time units necessary for a given UDF module to reach steady state depends 
on the configuration of the UDF module, and will be apparent to persons skilled in the 
relevant art(s) based on the teachings contained herein. 

At the rising edge of <f>i at time t-1, a switch 1950 in the down-convert and 
delay module 1924 closes. This allows a capacitor 1952 to charge to the current 
value of an input signal, VIt_i, such that node 1 902 is at VI^. j. This is indicated by cell 
1804 in FIG, 18. In effect, the combination of the switch 1950 and the capacitor 
1952 in the down-convert and delay module 1924 operates to translate the firequency 
of the input signal VI to a desired lower fi-equency, such as IF or baseband. Thus, the 
value stored in the capacitor 1952 represents an instance of a down-converted image 
of the input signal VI. 

The manner in which the down-convert and delay module 1924 performs 
firequency dovm-conversion is further described elsewhere in this application, and is 
additionally described in U. S. application "Method and System for Down-Converting 
Electromagnetic Signals," Ser.No. 09/ 176, 022, filed October 21, 1998, issued as U.S. 
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Patent No. 6,061,551 on May 9, 2000, which is herein incorporated by reference in 
its entirety. 

Also at the rising edge of <j>i at time t-1, a switch 1958 in the first delay 
module 1928 closes, allowing a capacitor 1960 to charge to VOt^i, such that node 
1906 is at VOt_i, Thisisindicatedby cell 1806 in Table 1802. (In practice, VO^.i is 
undefined at this point. However, for ease of understanding, VOt_i shall continue to 
be used for purposes of explanation.) 

Also at the rising edge of at time t-1, a switch 1966 in the second delay 
module 1930 closes, allowing a capacitor 1968 to charge to a value stored in a 
capacitor 1964. At this time, however, the value in capacitor 1964 is undefined, so 
the value in capacitor 1 968 is undefined. This is indicated by cell 1 807 in table 1 802. 

At the rising edge of ^2 ^"^^ t- 1, a switch 1954 in the down-convert and 
delay module 1924 closes, allowing a capacitor 1956 to charge to the level of the 
capacitor 1952. Accordingly, the capacitor 1956 charges to VIt_i, such that node 
1904 is at Vlt.i. This is indicated by cell 1810 in Table 1802. 

The UDF module 1922 may optionally include a unity gain module 1990 A 
between capacitors 1952 and 1956. The unity gain module 1990A operates as a 
current source to enable capacitor 1956 to charge without draining the charge fi-om 
capacitor 1952. For a similar reason, the UDF module 1922 may include other unity 
gain modules 1990B-1990G. It should be understood that, for many embodiments 
and applications of the invention, these unity gain modules 1990A-1990G are 
optional. The structure and operation of the unity gain modules 1 990 will be apparent 
to persons skilled in the relevant art(s). 

Also at the rising edge of ^2 time t-1, a switch 1962 in the first delay 
module 1928 closes, allowing a capacitor 1964 to charge to the level of the capacitor 
1960. Accordingly, the capacitor 1964 charges to VOt_i, such that node 1908 is at 
VOt_i. This is indicated by cell 1814 in Table 1802. 
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Also at the rising edge of 4>2 at time t-1, a switch 1970 in the second delay 
module 1930 closes, allowing a capacitor 1972 to charge to a value stored in a 
capacitor 1968. At this time, however, the value in capacitor 1968 is undefined, so 
the value in capacitor 1 972 is undefined. This is indicated by cell 1 8 1 5 in table 1 802. 

At time t, at the rising edge of the switch 1950 in the down-convert and 
delay module 1924 closes. This allows the capacitor 1 952 to charge to Yl^ such that 
node 1902 is at Vlf This is indicated in cell 1816 of Table 1802. 

Also at the rising edge of <j)i at time t, the switch 1958 in the first delay 
module 1928 closes, thereby allov^ng the capacitor 1960 to charge to VO^ 
Accordingly, node 1906 is at YO,, This is indicated in cell 1820 in Table 1802. 

Further at the rising edge of <{>i at time t, the switch 1966 in the second delay 
module 1930 closes, allowing a capacitor 1968 to charge to the level of the capacitor 
1964. Therefore, the capacitor 1968 charges to VOt^i, such that node 1910 is at 
VOt^i. This is indicated by cell 1824 in Table 1802. 

At the rising edge of ^2 time t, the switch 1954 in the down-convert and 
delay module 1924 closes, allowing the capacitor 1956 to charge to the level of the 
capacitor 1952. Accordingly, the capacitor 1956 charges to VI^, such that node 1904 
is at VI^. This is indicated by cell 1828 in Table 1802. 

Also at the rising edge of ^2 ^me t, the switch 1962 in the first delay 
module 1928 closes, allowing the capacitor 1964 to charge to the level in the 
capacitor 1960. Therefore, the capacitor 1964 charges to VO^, such that node 1908 
is at VOj. This is indicated by cell 1832 in Table 1802. 

Further at the rising edge of ^2 at time t, the svwtch 1970 in the second delay 
module 1930 closes, allovdng the capacitor 1972 in the second delay module 1930 to 
charge to the level of the capacitor 1 968 in the second delay module 1 930. Therefore, 
the capacitor 1972 charges to VOt_i, such that node 1912 is at VOt.i. This is 
indicated in cell 1836 of FIG. 18. 
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At time t+1 , at the rising edge of the switch 1 950 in the down-convert and 
delay module 1924 closes, allowing the capacitor 1952 to charge to Vlt+i. Therefore, 
node 1902 is at VI^^i, as indicated by cell 1838 of Table 1802. 

Also at the rising edge of at time t+1, the switch 1958 in the first delay 
module 1928 closes, allowing the capacitor 1960 to charge to VOj+i. Accordingly, 
node 1906 is at VOj+i, as indicated by cell 1842 in Table 1802. 

Further at the rising edge of 4>i at time t+1, the switch 1966 in the second 
delay module 1930 closes, allowing the capacitor 1968 to charge to the level of the 
capacitor 1964. Accordingly, the capacitor 1968 charges to VO^, as indicated by cell 
1846 of Table 1802. 

In the example of FIG. 19, the first scaling module 1932 scales the value at 
node 1908 (i.e., the output of the first delay module 1928) by a scaling factor of -0. 1 . 
Accordingly, the value present at node 1914 at time t+1 is -0. 1 * VOf Similarly, the 
second scaling module 1934 scales the value present at node 1912 (i.e., the output of 
the second scaling module 1930) by a scaling factor of -0.8. Accordingly, the value 
present at node 1916 is -0.8 * VO^.i at time t+1 . 

At time t+1, the values at the inputs of the summer 1926 are: VI^ at node 
1904, -0. 1 * VOt at node 1914, and -0.8 * VOt_i at node 1916 (in the example of 
FIG. 19, the values at nodes 1914 and 1916 are summed by a second sunraier 1925, 
and this sum is presented to the summer 1926). Accordingly, at time t+1 , the summer 
generates a signal equal to VI^ - 0.1 * VOj - 0.8 * VO^.i. 

At the rising edge of at time t+1, a switch 1991 in the output sample and 
hold module 1936 closes, thereby allowing a capacitor 1992 to charge to VOj+j. 
Accordingly, the capacitor 1992 charges to VOt+i, which is equal to the sum 
generated by the adder 1926. As just noted, this value is equal to: Vlt - 0.1 * VOt 
- 0.8 * VOt_i. This is indicated in cell 1850 of Table 1802. This value is presented 
to the optional output smoothing module 1938, which smooths the signal to thereby 
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generate the instance of the output signal VO,+i. It is apparent from inspection that 
this value of VOj+i is consistent with the band pass filter transfer function of EQ. 1. 

Further details of unified down-conversion and filtering as described in this 
section are presented in pending U.S. application "Integrated Frequency Translation 
And Selectivity," Ser. No. 09/175,966, filed October 21, 1998, issued as U.S. Patent 
No. 6, 049, 706 on April 1 1, 2000, incorporated herein by reference in its entirety. 

6. Example Application Embodiments of the Invention 

As noted above, the UFT module of the present invention is a very powerfiil 
and flexible device. Its flexibility is illustrated, in part, by the wide range of 
applications in which it can be used. Its power is illustrated, in part, by the usefiilness 
and performance of such applications. 

Example applications of the UFT module were described above. In particular, 
frequency down-conversion, frequency up-conversion, enhanced signal reception, and 
unified down-conversion and filtering applications of the UFT module were 
summarized above, and are fiirther described below. These applications of the UFT 
module are discussed herein for illustrative purposes. The invention is not limited to 
these example applications. Additional applications of the UFT module will be 
apparent to persons skilled in the relevant art(s), based on the teachings cont^ned 
herein. 

For example, the present invention can be used in applications that involve 
frequency down-conversion. This is shown in FIG. IC, for example, where an 
example UFT module 11 5 is used in a down-conversion module 114. In this capacity, 
the UFT module 115 frequency down-converts an input signal to an output signal. 
This is also shown in FIG. 7, for example, where an example UFT module 706 is part 
of a down-conversion module 704, which is part of a receiver 702. 
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The present invention can be used in applications that involve frequency up- 
conversion. This is shown in FIG. ID, for example, where an example UFT module 
117 is used in a frequency up-conversion module 116. In this capacity, the UFT 
module 117 frequency up-converts an input signal to an output signal. This is also 
shown in FIG. 8, for example, where an example UFT module 806 is part of up- 
conversion module 804, which is part of a transmitter 802. 

The present invention can be used in environments having one or more 
transmitters 902 and one or more receivers 906, as illustrated in FIG. 9. In such 
environments, one or more of the transmitters 902 may be implemented using a UFT 
module, as shown for example in FIG. 8. Also, one or more of the receivers 906 may 
be implemented using a UFT module, as shown for example in FIG. 7. 

The invention can be used to implement a transceiver. An example transceiver 

1002 is illustrated m FIG. 10. The transceiver 1002 includes a transmitter 1004 and 
a receiver 1008. Either the transmitter 1004 or the receiver 1008 can be implemented 
using a UFT module. Alternatively, the transmitter 1004 can be implemented using 

a UFT module 1006, and the receiver 1008 can be implemented using a UFT module 

1010. This embodiment is shown in FIG. 10. 

Another transceiver embodiment according to the invention is shown in FIG. 

11. In this transceiver 1102, the transmitter 1104 and the receiver 1108 are 

implemented using a single UFT module 1 106. In other words, the transmitter 1 104 

and the receiver 1 108 share a UFT module 1 106. 

As described elsewhere in this application, the invention is directed to methods 

and systems for enhanced signal reception (ESR). Various ESR embodiments include 

an ESR module (transmit) in a transmitter 1202, and an ESR module (receive) in a 

receiver 1210. An example ESR embodiment configured in this manner is illustrated 

in FIG. 12. 
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The ESR module (transmit) 1204 includes a frequency up-conversion module 
1206. Some embodiments of this frequency up-conversion module 1206 may be 
implemented using a UFT module, such as that shown in FIG. ID. 

The ESR module (receive) 1212 includes a frequency down-conversion 
module 1214. Some embodiments of this frequency down-conversion module 1214 
may be implemented using a UFT module, such as that shown in FIG. IC. 

As described elsewhere in this application, the invention is directed to methods 
and systems for unified down-conversion and filtering (UDF). An example unified 
down-conversion and filtering module 1302 is illustrated in FIG. 13. The unified 
down-conversion and filtering module 1302 includes a frequency down-conversion 
module 1 304 and a filtering module 1 306. According to the invention, the frequency 
down-conversion module 1304 and the filtering module 1306 are implemented using 
a UFT module 1308, as indicated in FIG. 13. 

Unified down-conversion and filtering according to the invention is usefiil in 
applications involving filtering and/or frequency down-conversion. This is depicted, 
for example, in FIGS. 15A-15F. FIGS. 15A-15C indicate that unified down- 
conversion and filtering according to the invention is usefiil in applications where 
filtering precedes, follows, or both precedes and follows frequency down-conversion. 
FIG. 15D indicates that a unified down-conversion and filtering module 1524 
according to the invention can be utilized as a filter 1522 (i.e., where the extent of 
frequency down-conversion by the down-converter in the unified down-conversion 
and filtering module 1524 is minimized). ¥IG. 15E indicates that a unified down- 
conversion and filtering module 1528 according to the invention can be utilized as a 
down-converter 1526 (i.e., where the filter in the unified down-conversion and 
filtering module 1528 passes substantially all frequencies). FIG. 15F illustrates that 
the unified down-conversion and filtering module 1532 can be used as an amplifier. 
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It is noted that one or more UDF modules can be used in applications that involve at 
least one or more of filtering, fi-equency translation, and amplification. 

For example, receivers, which typically perform filtering, down-conversion, 
and filtering operations, can be implemented using one or more unified down- 
conversion and filtering modules. This is illustrated, for example, in FIG. 14. 

The methods and systems of unified down-conversion and filtering of the 
invention have many other applications. For example, as discussed herein, the 
enhanced signal reception (ESR) module (receive) operates to down-convert a signal 
containing a plurality of spectrums. The ESR module (receive) also operates to 
isolate the spectrums in the down-converted signal, where such isolation is 
implemented via filtering in some embodiments. According to embodiments of the 
invention, the ESR module (receive) is implemented using one or more unified down- 
conversion and filtering (UDF) modules. This is illustrated, for example, in FIG. 16. 
In the example of FIG. 16, one or more of the UDF modules 1610, 1612, 1614 
operates to down-convert a received signal. The UDF modules 1610, 1612, 1614 
also operate to filter the down-converted signal so as to isolate the spectrum(s) 
contained therein. As noted above, the UDF modules 1610, 1612, 1614 are 
implemented using the universal firequency translation (UFT) modules of the 
invention. 

The invention is not limited to the applications of the UFT module described 
above. For example, and without limitation, subsets of the applications (methods 
and/or structures) described herein (and others that would be apparent to persons 
skilled in the relevant art(s) based on the herein teachings) can be associated to form 
useful combinations. 

For example, transmitters and receivers are two applications of the UFT 
module, FIG. 10 illustrates a transceiver 1002 that is formed by combining these two 
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applications of the UFT module, i.e., by combining a transmitter 1004 with a receiver 
1008. 

Also, ESR (enhanced signal reception) and unified down-conversion and 
filtering are two other applications of the UFT module. FIG. 1 6 illustrates an example 
where ESR and unified down-conversion and filtering are combined to form a 
modified enhanced signal reception system. 

The invention is not limited to the example applications of the UFT module 
discussed herein. Also, the invention is not limited to the example combinations of 
applications of the UFT module discussed herein. These examples were provided for 
illustrative purposes only, and are not limiting. Other applications and combinations 
of such applications v^U be apparent to persons skilled in the relevant art(s) based on 
the teachings contained herein. Such applications and combinations include, for 
example and vidthout limitation, applications/combinations comprising and/or 
involving one or more of (1) fi'equency translation; (2) fi-equency down-conversion; 
(3) firequency up-conversion; (4) receiving; (5) transmitting; (6) filtering; and/or (7) 
signal transmission and reception in environments containing potentially jamming 
signals. 

Additional example applications are described below. 
7. Phase Shifting Using Universal Frequency Translation 
Z 1 High Level Description 

Universal Frequency Translation is described herein and is described in the 
above referenced appUcations including U.S. Patent Application Serial Nos. 
09/176,022, 09/293,095, 09/293,342, 09/176,154, and 09/521,878, and incorporated 
herein by reference in their entireties. 
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As stated herein and in the above referenced applications, a Universal 
Frequency Translation (UFT) module can be configured to down-convert an input 
signal to an IF signal or a baseband signal by sampling the input signal according to 
a periodic control signal (also called an aliasing signal). Similarly, a UFT module can 
be configured to up-convert a baseband signal by sampling the baseband signal 
according to the control signal. By controlling the relative sampling time, the UFT 
module implements a relative phase shift during the down-conversion or up- 
conversion. In other words, a relative phase shift can be introduced in the output 
signal by sampling the input signal at one point in time relative to another point in 
time. As such, the UFT module can be configured as an integrated fi-equency 
translator and phase-shifter as shown in FIG. 25 A. This includes the UFT module as 
an integrated down-converter and phase-shifter as shown in FIG. 25B, and the UFT 
module as an integrated up-converter and phase-shifter as shown in FIG. 25C. 

FIG. 25D illustrates a flowchart 2500 that ftirther describes phase shifting and 
frequency translation according to embodiments of the present invention. Flowchart 
2500 is discussed in terms of general frequency translation, and is applicable to both 
down-conversion and up-conversion. Specific embodiments that are directed to 
down-conversion and up-conversion are also discussed herein in following sections. 

In step 2502, an EM input signal is received. 

In step 2504, the EM input signal is sampled according to a periodic control 
signal having a nominal period of T, resulting in a frequency translated output signal. 
In other words, the EM signal is periodically sampled T seconds apart. In 
embodiments of the invention, the control signal comprises a plurality of pulses having 
apertures (or pulse vridths) that are established to transfer non-negligible amounts of 
energy to the output signal. In other words, the apertures of the control signal can be 
varied to improve (and optimize) energy transfer to the frequency translated output 
signal. In fiirther embodiments the shape of the sampling pulses may be modified to 
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emulate a matched filter that corresponds to the shape of the input EM signal. For 
example, given a sinusoidal input, the comers of the pulses may be "rounded-ofiP* to 
better match the input signal, thereby further improving energy transfer to the 
fi-equency translated output signal. 

For down-conversion, the output signal is a down-converted image of the EM 
input signal. As discussed in the patent applications cited above, the EM input signal 
can be down-converted directly to baseband or can be down-converted to an IF 
frequency. For direct baseband conversion, the frequency of the control signal is 
preferably a sub-harmonic of the EM input signal. For IF conversion, the frequency 
of the control signal is preferably offset firom a sub-harmonic of the EM input signal 
as represented by the following equation: 

Freqci^- (Freq^^p^ +/- frtq^yn 

where: FreqcNTL= frequency of pulses in the control signal 
Freq^nput^ fi^equency of the EM input signal 
FreqiF= frequency of the output signal 
w= harmonic number 
For up-conversion, the EM input signal is preferably a baseband signal or 
lower firequency signal that is up-converted to a higher fi-equency output signal. As 
discussed in the patent applications cited above, the periodic sampling of the EM 
input signal generates a harmonically rich signal, which contains multiple harmonics 
images of the baseband input signal that repeat at harmonics of the fi'equency of the 
control signal. Each harmonic image contains the necessary amplitude, frequency, and 
phase information to reconstruct the baseband signal. A bandpass filter can be utilized 
to select a harmonic (or harmonics) of interest for transmission. 

In step 2506, the sampling time of the EM signal is varied (or adjusted) fi^om 
the nominal sampling time to implement a relative phase shifl; in the output signal In 
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other words, the phase of the pulses in the control signal is varied so that the EM 
signal is sampled earlier (or later) than a nominal sampling time to implement the 
desired phase shift in the output signal. 

FIGs. 25E-K further illustrate variable sampling times qf an EM signal to 
generate a frequency translated/phase-shifted output signal. FIG. 25E illustrates an 
example EM input signal 2510, which is an AM modulated RF signal that is to be 
down-converted directly to baseband, so as to strip off the AM modulation, EM input 
signal 25 1 0 is sampled according to control signals inFIGs.25F-H. FIG.25F illustrates 
a reference control signal 2512 having a plurality of pulses with, period T, and an 
aperture width 2511. FIG. 25G illustrates a control signal 2514 that leads the 
reference control signal 25 12, as shown. FIG. 25 J illustrates a control signal 25 16 that 
lags the reference control signal 2512, as shown. 

Still referring to FIGs,25E-K, when the EM signal 25 10 is sampled by a UFT 
module according to the reference control signal 25 12, the result is a dovm-converted 
output signal 25 1 8 that is shown in FIG.25H. When the (leading) control signal 25 14 
is used to control the sampling times, the result is an output signal 2520 that is shown 
in FIG. 25 J. When the (lagging) control signal 2516 is used to control the sampling 
times, the result is an output signal 2522 that is shown in FIG. 25K. By comparing the 
three output signals at time to, the relative phase shift can be observed. In other 
words, the output signal 2520 leads the reference output signal 2518 as shown, and 
the output signal 2522 lags the reference output signal 2518 as shown. 

As illustrated in FIGs. 25E-K, the control signals include a train of pulses 
having a non-negligible pulse widths 251 1 that tend away from zero time duration. 
The duration of the pulse width may vary in embodiments of the invention. For down- 
conversion embodiments, the pulse v^dths 25 1 1 can be approximately 1/10, Vi, ¥2, 
etc., or any other fraction of the period of the EM input signal. Alternatively, the 
pulse widths 25 1 1 can be approximately equal to one or more periods of the EM input 
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signal plus 1/10, Va, Vz, etc., or any other fraction of a period of the EM signal In 
a preferred embodiment, the pulse widths are approximately V2 of a period of the EM 
signal that is to be down-converted, or one or more periods plus Y2 of a period of the 
EM signal. For up-conversion embodiments, the pulse widths are set to Vi of a period 
of the harmonic of interest in a preferred embodiment. The variation of pulse width 
and the effects of energy transfer are further described in the above referenced patent 
applications. Additionally, matched fiher techniques can be incorporated with the 
present invention to improve energy transfer to the frequency translated signal. These 
matched filter techniques include shaping the control signal to improve or optimize 
energy transfer from the input signal to the output signal, and is also discussed in the 
above referenced patent applications. 

7. 2 Specific Phase Shifter Embodiments Using a UFT Module 

Various specific embodiments for implementing integrated frequency 
translation and phase shifting using a UFT module are discussed as follows. These 
embodiments include but are not limited to the following: varying the DC bias of a 
local oscillator (LO) signal, delaying the LO signal, and changing the shape of the LO 
signal. As will be shown, the LO signal triggers a pulse generator that generates a 
control signal, which controls the sampling of the UFT module. Each of these specific 
embodiments are discussed below. 

7.2.1 Changing a Bias Voltage of the LO Signal 

FIG. 26A illustrates an integrated frequency translator/phase-shifter 2602 
according to embodiments of the invention. Frequency translator 2602 includes a UFT 
module 2608, a pulse generator 2610, a local oscillator 2612, a capacitor 2614, and 
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an optional inductor 2618. Translator/shifter 2602 translates and phase shifts the input 
signal 2604 to generate the output signal 2606. The frequency translation and phase 
shift occur in an integrated (or unified, combined, simultaneous, etc.) manner, where 
the amount of relative phase shift is based on the relative bias voltage 2616, 

Frequency translator 2602 performs fi-equency translation because of the 
periodic under sampling performed by the UFT module 2608. Frequency translator 
2602 simuhaneously implements a phase shift because the bias voltage 26 1 6 changes 
the DC offset of the LO signal that triggers the pulse generator 2610. As v^ll be 
shown, the bias voltage 2616 causes the pulse generator to trigger earlier (or later) 
in time relative to a reference bias vokage (e.g. 0 volts). In turn, this causes the UFT 
module 2608 to sample the input signal earlier (or later) in time, relative to the 
reference bias voltage. Since time is proportional to phase shift for electromagnetic 
signals, the variations in sampling time by the UFT module causes a phase shift in the 
output signal 2606, 

The fi-equency translator 2602 is described in detail as follows with reference 
to an operational flowchart 2650 that is shovm in FIG. 26B. The discussion is 
applicable to both down-conversion and up-conversion. For dovm-conversion, the 
EM input signal is down-converted to baseband or an IF frequency. For up- 
conversion, the EM input signal is up-converted to a harmonic of the LO frequency. 
Specific embodiments that are directed to down-conversion and up-conversion will 
be discussed after the general frequency translation embodiment. 

In step 2652, the UFT module 2608 receives the EM input signal. 

In step 2654, the oscillator 2612 generates a LO signal 26 1 3 . LO signal 26 1 3 
is preferably (but not limited to) a sinewave having a frequency that is sub-harmonic 
relative to the input signal 2604 or the output signal 2606. More specifically, for 
dovra-conversion to baseband, the LO signal 2613 is preferably a sub-harmonic of the 
input signal 2604. For dovm-conversion to an IF frequency, the LO signal 2613 is 
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preferably offset from a sub-harmonic of the input signal 2604. For up-conversion, the 
LO signal 2613 is preferably a sub-harmonic of the desired frequency of the output 
signal 2606. As stated, the LO signal 2613 is preferably a sinewave. However, other 
known waveforms could be used including triangle waves, square waves, etc. 

In step 2656, the summing node 2615 adds a bias voltage 2616 to the LO 
signal 2613 to generate a biased LO signal 261 1. Bias voltage 2616 is preferably a 
variable DC voltage so that it can be changed to implement any desired relative phase 
shift. As such, the bias voltage 2616 level- shifts the LO signal 2613 up or down in 
voltage. The capacitor 2614 prevents the voltage 26 1 6 from shorting to the oscillator 
2612. Optional choke inductor 26 1 8 prevents the LO signal 2611 from shorting to RF 
ground at the terminal 2619. 

FIGs. 27A-C further illustrate the effect of the bias voltage 26 1 6 on the biased 
LO signal 261 1 . FIG. 27 A illustrates a biased LO signal 2704 as an example of biased 
LO signal 261 1 when the bias voltage 2616 is 0 volts. FIG. 27B illustrates a biased 
LO signal 2706 as an example of the biased LO signal 261 1 when the bias vokage is 
+A volts. FIG. 27C illustrates a biased LO voltage 2708 as an example of the biased 
LO signal 261 1 when the bias voUage is -A volts. As illustrated by comparing FIGs. 
27A-C, the biased LO voltage 261 1 is level shifted up (or dovra) based on the DC 
bias 2616. For example, biased LO signal 2706 (in FIG. 27B) is shifted up compared 
to biased LO signal 2704 (FIG. 27A). Biased LO signal 2708 (FIG. 27C) is shifted 
down compared to biased LO signal 2704 (FIG. 27A). 

In step 2658, the pulse generator 2610 generates a control signal 2607 
according to the biased LO signal 261 1, where the control signal 2607 includes a 
plurality of pulses 2620. Pulse generator 2610 triggers and produces a pulse 2620 
when the biased LO signal 261 1 exceeds a threshold voltage (or trigger voltage), as 
represented by a threshold voltage 2702 in FIGs. 27A-C. By varying the DC level of 
the biased LO signal 261 1, the pulse generator 2610 triggers earlier (or later) in time 
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relative to the 0 volt bias condition. Therefore, the pulses 2620 of the control signal 
2607 can be phase-shifted (in time) by varying the bias voltage 2616. This is further 
illustrated by FIGs, 27D-F that are discussed below. In embodiments of the invention, 
the plurality of pulses 2620 have pulse widths that tend away from zero, as 
represented by pulse width 2716 that is shown in FIGs. 27D-F. 

FIGs. 27D-F further illustrate phase shifting of the control signal 2607 by 
varying the bias voltage of the LO signal. FIGs. 27D-F depict exemplary control 
signals 27 1 0-27 14 that correspond to the exemplary biased LO signals 2704-2708 (of 
FIGs. 27A-C), respectively. As such, control signal 2710 in FIG, 27D is a reference 
control signal since the bias voltage in FIG. 27 A is 0 volts. Control signal 2712 in 
FIG. 27E leads the control signal 2710, as the corresponding biased LO signal 2706 
is positively biased (by + A volts) relative to the biased LO 2704. Therefore, the biased 
LO signal 2706 crosses the threshold voltage 2702 before biased LO signal 2704, and 
causes the pulse generator 2610 to trigger and generate a pulse before the biased LO 
signal 2704. Control signal 2714 in FIG. 27F lags control signals 2710 (and also the 
control signal 2712) because the corresponding biased LO signal 2708 is negatively 
biased relative to the biased LO signal 2704. Therefore, the biased LO signal 2708 
crosses the threshold vohage 2702 after the LO bias signal 2704, and causes the pulse 
generator 2610 to trigger later in time relative to that for the control signal 2704. 

Returning to flowchart 2650, in step 2660, the UFT module 2608 samples the 
input signal 2604 according to the control signal 2607. More specifically, a controlled 
switch 2609 in the UFT module samples the input signal 2604 according to the 
control signal 2607, to generate the phase shifted and frequency translated output 
signal 2606. The frequency translation occurs because the UFT module sub- 
harmonically samples the input signal in a periodic manner, resulting in harmonic 
images of the input signal that repeat at harmonic of the sampling frequency. 
Frequency translation by a UFT module has been described herein and in the above 
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referenced patent applications, to which the reader is referred for further details. The 
phase shift occurs because any bias voltage variation causes the pulse generator 261 0 
to trigger earlier (or later) than nominal, which produces a time/phase shift in the 
pulses of control signal 2607 (relative to a reference bias condition), as illustrated in 
FIGs.27D-F. By phase shifting the pulses in the control signal 2607, the controlled 
switch 2610 samples the input signal 2604 earlier (or later) in time relative to the 
nominal condition. In other words, a phase shifted-control signal 2607 causes a shift 
in the UFT sampling time, which results in a relative phase shift in the output signal 
2606. 

In embodiments of the invention, the pulse widths (also called apertures) of 
the pulses 2620 tend away from zero so that non-negligible amounts of energy are 
transferred from the input signal to the output signal during sampling in step 2660. 
During down-conversion, for example, the pulse widths can be approximately 1/10, 
Vi, Vi, etc., or any other fraction of the period of the EM input signal. Alternatively 
for dovm-conversion, the pulse widths can be approximately equal to one or more 
periods of the EM input signal plus 1/10, Vi, Y2, etc., or any other fraction of a period 
of the EM signal In a preferred embodiment for down-conversion, the pulse width 
is approximately V2 of a period of the EM input signal. During up-conversion, the 
pulse widths can be approximately 1/10, Vi, 14, etc., or any other fraction of the period 
of the EM output signal. In a preferred embodiment for up-conversion, the pulse 
width is approximately Vi of a period associated with the EM output signal. The pulse 
widths of the pulses 2620 can be further optimized based on one or more of a variety 
of criteria. Exemplary systems and methods for generating and optimizing the control 
signal 2607 (and pulses 2620) for both down-conversion and up-conversion are 
disclosed in the above referenced patent applications. 
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In step 2662, the bias voltage 261 6 is varied, which phase shifts the pulses of 
the control signal 2607 as described, and thereby varies the relative phase shift of the 
output signal 2606. 

FIGs . 28 A-28B fiarther illustrates phase shifting by changing the sampling time 
of the UFT module using a variable bias voltage. FIG, 28 A depicts an exemplary LO 
signal 2804 that is the 10th sub-harmonic of an exemplary input signal 2802. (This 
discussion presumes the input signal 2802 is an RF input signal that is to be down- 
converted, but the discussion is applicable to up-conversion as well.) Therefore, there 
are exactly 10 cycles of input signal 2802 in the period of the LO signal 2804. As 
stated earlier, the pulse generator 2610 triggers and generates a pulse when the 
voltage level of the biased LO signal 261 1 crosses the threshold voltage for the pulse 
generator 2610. The pulse generator 2610 preferably triggers only on the rising edge 
(or voltage) of the LO signal 2804, and not the falling edge. In FIG. 28A, the 
threshold voltage of the pulse generator 261 0 is depicted as threshold 2806. As such, 
the pulse generator 2610 triggers at the timepoint 28 10 because that is when the LO 
signal 2804 crosses the threshold 2806 on the rising edge. As such, the UFT module 
2608 samples the input RF signal 2802 at the timepoint 2810. 

The effect of varying the bias voltage of the LO signal on the sampling point 
will now be explored. As stated, the pulse generator 261 0 preferably triggers only for 
rising voltages. As such, V2 the period of the LO cycle (To/2 in FIG, 28A) is usefiil for 
sampling the input signal 2802 using the UFT module 2608. Therefore, TJl of the 
LO cycle can be shifted in voUage to change the sampling time of the RF input signal 
2802. This is further illustrated in FIG. 28B, which depicts three different biased LO 
signals 2804a-c and the RF input signal 2802 (fi-om FIG. 28A). LO signals 2804a-c 
have three different bias voltages where LO signal 2804b has a higher bias voltage 
than LO signal 2804a, and LO signal 2804c has a higher bias voltage than LO signal 
2804b. As shown in FIG. 28B, the biased LO signals 2804a-c cross the threshold 
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voltage 2806 at different points in time due to their differing bias voltages. Since, the 
pulse generator 2610 triggers when the LO signal 2804 crosses the threshold voltage, 
the RF input signal 2802 is sampled at different points in time based on the bias 
voltage. By sampling the RF signal at different time points based on bias voltage, an 
equivalent phase shift is implemented in the frequency translated output signal. In 
other words, the sampling point can be seen to "walk though" the RF signal input 
2802 as the bias voltage is varied, which results in the phase shift in output signal. 

As stated above, the FIGs. 28A-28B depict exactly 10 cycles of the input 
signal 2802 within the fiill period Tq of the LO signal 2804. Therefore, exactly 5 
cycles of the input signal 2802 fall within the rising edge window (TJ2) of the LO 
signal 2804 that is useful for triggering the pulse generator 2610. In this example, 
since the rising edge window (To/2) can be shifted through the 5 RF cycles, a phase 
shift of 5 * 360 degrees = 1 800 degrees can be implemented by shifting the LO signal 
2804 through an entire voltage range. In other words, if the bias voltage is set so the 
bottom of the LO signal 2804 sinewave crosses the threshold 2806, and then the bias 
voltage is adjusted so that the top of the LO signal 2804 sinewave crosses the 
threshold 2806, then the RF input signal 2802 will be sampled over a range of 1800 
degrees. 

As mentioned above, the discussion relating to FIGs. 28A-28B corresponds 
to a pulse generator that triggers on the rising edge of the biased LO signal. However, 
the invention is not limited to rising edge embodiments. Those skilled in the arts will 
recognize how to implement falling edge embodiments based on the discussion herein. 
These falling edge embodiments are within the scope and spirit of the present 
invention. 

Furthermore, the discussionrelatingto FIGs. 28A-28B corresponds to a phase 
shifter where the biased LO signal had a characteristic frequency that is the 10* 
subharmonic of the RF input signal. Other harmonic ratios could be utilized, as this 
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discussion was for example purposes only. Additionally, the biased LO signal could 
have a frequency that is offset from a subharmonic of the RF input signal, as is used 
in IF down-conversion embodiments. 

Furthermore, FIG. 28A-B depict the RF input signal 2802 as being biased at 
the threshold voltage 2806, and therefore symmetrical with the threshold voltage 
2806. This is for convenience of illustration only. The invention is not limited to this 
configuration, as the RF input signal 2802 could be biased above or below the 
threshold voltage 2802, as will be understood by those skilled in the arts based on the 
discussion herein. 

FIG. 29 illustrates an experimental result of the phase (or phase shift) at which 
the RF input signal 2604 (in FIG. 26A) is sampled (in a down-conversion 
embodiment) vs. the bias vohage 2616, where the bias voltage is steadily increasing 
in a (voltage) ramp fashion. FIG. 29 is meant for example purposes only, and is not 
meant to be limiting. In FIG. 29, the phase shift (or phase at which the RF is sampled) 
is represented by a curve 2902, and the bias voltage is represented by a ramp 2904. 
These experimental resuhs are for an RF input signal 2604 of 915 MHZ, and a LO 
signal 2613 of 91 .5 MHZ, so that the LO signal 2613 is the 10th subharmonic of the 
RF input signal. The LO signal in FIG. 29 is fked with an amplitude of 1.415 volts 
peak-to-peak. FIG. 29 shows that the input signal is sampled over 1800 degrees or 
5 RF cycles, similar to that described above. The resulting phase shift curve 2902 is 
sinusoidal, with a varying frequency over the life of the sinewave and the ramp 
voltage 2904. 

FIGs. 30A-D illustrates graphs similar to that of FIG 29, in that they depict 
the phase at which the RF input signal 2604 is sampled vs. bias voltage 2616, where 
the bias voltage is steadily increasing in a ramp like fashion. However, FIGs. 30A-D 
depict phase shift vs. bias voltage for varying LO signal amplitude. More specifically, 
the LO signal ampUtude is varied from .502 Vp.p to 1 .41 5 Vp^ in RG. 30A-30D. As, 
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shown, the curves in FIGs. 30A-D stretch in the "x" (or horizontal) direction with 
increasing LO signal amplitude. As such, relatively more phase shift verses a unit 
change in bias voltage is achieved for smaller LO signal amplitude. In other words, 
there is more phase shift "leverage" or sensitivity for smaller LO signal amplitudes 
than for larger LO signal amplitudes, per a unit change in bias voltage. FIGs. 30A-D 
are meant for example purposes only, and are not meant to be limiting. 

As stated above, the phase-shifter/frequency translator 2602 and the related 
discussion is applicable to both up-conversion and down-conversion. Specific 
embodiments for down-conversion and up-conversion are discussed as follows. 

7.2.1.1 Down-Conversion 

FIG. 3 1 A depicts a down-converter/phase-shifter 3 104 for down-converting 
and phase shifting an EM input signal 3 1 02 to a down-converted/phase-shifted signal 
3106 according to an embodiment of the invention. Down-converter/phase shifter 
3104 operates similar to frequency translator 2602 (FIG. 26 A) that was described 
above. As such, the down-converter 3104 performs fi-equency down-conversion of 
the EM input signal 3102 by sampling the EM input signal 3102 according the 
periodic control signal 2607, resulting in undersamples 3107 that carry energy or 
charge from the EM input signal 3102. Down-converter/phase-shifter 3104 includes 
a storage module 3108 that stores (and integrates) the undersamples 3107. In 
embodiments, the storage module 3108 is a capacitor 3109, as shown. The charge 
stored during successive undersamples of the EM input signal 3 1 02, forms the down- 
converted signal 3106. A relative phase shift is introduced in the down-converted 
signal 3 106 by varying the bias voltage 2616, so that the pulses 2620 in the control 
signal 2607 are triggered earlier (or later) relative to a nominal sampling time. 
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In embodiments, the down-converter/phase-shifter 3 104 is further described 
with reference to the flowchart 3150 that is shown in FIG. 3 IB, which is described 
as follows. 

In step 3152, the UFT module 2608 receives the EM input signal 3 102 that 
is to be down-converted. 

In step 3154, the oscillator 2612 generates a LO signal 26 1 3 . LO signal 2613 
is preferably (but not limited to) a sinewave having a frequency that is sub-harmonic 
of the EM input signal 3 102. For down-conversion to baseband, the LO signal 2613 
is preferably a sub-harmonic of the EM input signal 3 1 02. For down-conversion to an 
IF frequency, the LO signal 2613 can be offset from a sub-harmonic of the EM input 
signal 3 102 according to the equation: 

FreqLo= (^^^^m Freq^p)//? 
where: FreqLo= frequency of the local oscillator 
Freqinput= frequency of the EM input signal 
FreqjF= frequency of an EF output signal (could be baseband) 
harmonic number 

As stated, the LO signal 26 1 3 is preferably a sinewave. However, other known 
waveforms could be used including triangle waves, square waves, etc. 

In step 3 156, the summing node 2615 adds the bias vokage 2616 to the LO 
signal 2613 to generate the biased LO signal 2611. In other words, the LO signal 
2613 is level-shifted according to the bias voltage 2616, resulting in the biased LO 
signal 261 1 . Bias voltage 2616 is preferably a variable DC voltage so that it can be 
changed to implement any desired relative phase shift. As such, the bias voltage 2616 
shifts the LO signal 2613 up or down in voltage. The capacitor 2614 prevents the 
voltage 2616 from shorting to the oscillator 2612. Optional choke inductor 2618 
prevents the LO signal 261 1 from shorting to RF ground at the terminal 2619, 
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In step 3158, the pulse generator 2610 generates the control signal 2607 
according to the biased LO signal 2611, where the control signal 2607 includes a 
plurality of pulses 2620. In doing so, the pulse generator 2610 triggers and produces 
a pulse 2620 when the biased LO signal 261 1 exceeds a threshold voltage (or trigger 
voltage), as represented by a threshold voltage 2702 in FIGs. 27A-C, 

In down-conversion embodiments, the pulse width of the pulses 2620 in the 
control signal 2607 are a non-negligible fraction of a period associated with the EM 
input signal 3 102 that is to be down-converted. For example and without limitation, 
the pulse-widths of the pulses 2620 can be approximately 1/10, 1/4, 1/2, 3/4, etc., or 
any other fraction of a period of the EM input signal 3 102, In an embodiment, a pulse 
width of approximately Vz of a period of the EM input signal 3102 is desirable. 

In step 3160, the UFT module 2608 samples the EM input signal 3102 
according to the control signal 2607. More specifically, the switch 2609 closes during 
the pulses 2620 of the control signal 2607, resulting in the undersamples 3 1 07. During 
sampling, non-negligible amounts of energy are transferred from the EM input signal 
3 102 to the undersamples 3 107. This occurs because the pulse-widths of the control 
signal 2607 are widened to extend the time that the switch 2609 is closed during 
individual samples, resulting in increased energy transfer. Additionally, input and 
output impedances of the UFT module are reduced by widening the sampling pulse. 

In step 3162, the storage module 3108 stores and integrates successive 
undersamples 3 1 07, resulting in the down-converted signal 3 1 06. In embodiments, the 
capacitor 3 109 integrates the charge associated with successive undersamples 3 107, 
resulting in the dovm-converted signal 3 1 06. A relative phase shift is introduced in the 
down-converted signal 3106 by varying the bias voltage 2616. As described above, 
any variation in the bias voltage 2616 causes the pulse generator 2610 to trigger 
earlier (or later) relative to nominal, thereby phase shifting the pulses 2620 in the 
control signal 2607. Since the pulses 2620 determine the sampling time of the EM 
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input signal 3102, a phase-shift is introduced in the down-converted output signal 
3 106, relative to the nominal or reference bias voltage. 

In step 3 1 64, the bias voltage 26 1 6 is optionally varied, which phase shifts the 
pulses of the control signal 2607, and thereby varies the relative phase shift of the 
down-converted output signal 3106, 

Dovm-conversion utilizing a UFT module (also called an aliasing module) is 
further described in a number of the above referenced applications, such as "Method 
and System for Down-converting Electromagnetic Signals," Ser. No. 09/176,022, 
now U. S . Patent No . 6, 06 1 , 5 5 1 , As discussed herein and in the ' 5 5 1 patent, the pulse 
widths of the control signal 2607 can be adjusted to increase and/or optimize the 
energy transfer to the down-converted output signal 3106. Additionally, matched 
filter principles can be implemented to shape the sampling pulses and fiirther improve 
energy transfer to the down-converted output signal 3 106, as further described in a 
number of the above referenced applications, such as U.S. patent application titled, 
"Matched Filter Characterization and Implementation of Universal Frequency 
Translation Method and Apparatus," Ser. No. 09/521,828, filed on March 9, 2000. 
A summary of matched filter principles utilized during down-conversion is illustrated 
in FIG. 31C,and is described as follows. 

In embodiments, the flowchart 3 1 70 in FIG. 3 1 C fijrther describes the down- 
converter/phase shifter 3 104 according to matched filter principles. The steps 3 1 52- 
3158 and step 3164 are the same as in flowchart 3150 of FIG. 3 IB, and are not 
repeated here for convenience. 

In step 3172, a matched filtering/correlating operation is performed on an 
approximate half-cycle of the EM input signal 3 1 02, based on the control signal 2607. 

In step 3174, the result of the matched filtering/correlation operation in step 
3 172 is accumulated. Down-conversion utilizing matched filter principles is further 
described in co-pending U.S. patent application titled, "Matched Filter 
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Characterization and Implementation ofUniversal Frequency Translation Method and 
Apparatus," Ser. No. 09/521,828, filed on March 9, 2000. 

7.2.1.2 Vp'-Conversion 

FIG. 32A depicts an up-converter/phase-shifter 3204 for up-converting and 
phase shifting an input signal 3202, to generate an up-converted and phase shifted 
signal 3206 according to an embodiment of the invention. Up-converter/phase-shifter 
3204 includes a bandpass filter 3208 in addition to the components identified in the 
fi*equency translator 2602. The bandpass filter 3208 selects the harmonic of interest 
fi-om a harmonically rich signal 3209 that is generated by the UFT module 2608. The 
harmonically rich signal 3209 contains multiple harmonic images that repeat at 
harmonics of the sampling frequency as determined by the LO signal. Each harmonic 
includes the necessary amplitude, phase, and frequency information to reconstruct the 
input signal 3202. In embodiments, the pulse widths for the control signal 2607 are 
adjusted to shift energy among the harmonics that make-up the harmonically rich 
signal 3209, 

In embodiments, the up-converter/phase shifter 3204 is fiirther described with 
reference to the flowchart 3250 that is shown in FIG. 32B, which is described as 
follows. 

In step 3252, the UFT module 2608 receives the EM input signal 3 102, which 
is preferably a baseband signal or lower frequency signal that is to be up-converted. 

In step 3254, the oscillator 2612 generates aLO signal 2613. LO signal 2613 
is preferably (but not limited to) a sinewave having a frequency that is sub-harmonic 
of the desired frequency of the up-converted output signal 3206. As stated, the LO 
signal 2613 is preferably a sinewave. However, other known waveforms could be 
used including triangle waves, square waves, etc. 
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In step 3256, the summing node 2615 adds the bias voltage 2616 to the LO 
signal 2613 to generate the biased LO signal 261 1. In other words, the LO signal 
2613 is level-shifted according to the bias voltage 2616, resulting in the biased LO 
signal 26 1 1 . Bias voltage 2616 is preferably a variable DC voltage so that it can be 
changed to implement any desired relative phase shift. As such, the bias vohage 2616 
shifts the LO signal 2613 up or down in vohage. The capacitor 2614 prevents the 
voltage 2616 from shorting to the oscillator 2612. Optional choke inductor 2618 
prevents the LO signal 261 1 from shorting to RF ground at the terminal 2619. 

In step 3258, the pulse generator 2610 generates the control signal 2607 
according to the biased LO signal 261 1, where the control signal 2607 includes a 
plurality of pulses 2620. In doing so, the pulse generator 2610 triggers and produces 
a pulse 2620 when the biased LO signal 261 1 exceeds a threshold vohage (or trigger 
vohage) associated with the pulse generator, as represented by a threshold voltage 
2702inFIGs. 27A-C. 

In up-conversion embodiments, the pulse width of the pulses in the control 
signal 2607 are a non-negligible fraction of a period associated with the up-converted 
EM output signal 3206, For example and without limitation, the pulse-widths of the 
control signal 2607 can be approximately 1/10, 1/4, 1/2, 3/4, etc., or any other 
fraction of a period of the up-converted EM output signal 3206, or one or more 
periods plus a fraction of a period. In an embodiment, a pulse width of approximately 
Vz of a period of the EM output signal 3206 is desirable. 

In step 3260, the UFT module 2608 samples the EM input signal 3202, 
according to the control signal 2607. More specifically, the switch 2609 closes during 
the pulses 2620 of the control signal 2607, so that the periodic sampling produces a 
harmonically rich signal 3209. The harmonically rich signal 3209 includes multiple 
harmonic images that repeat at harmonics of the sampling frequency fg, which is the 
frequency of the pulses 2620 of the control signal 2607. FIG. 32C illustrates an 
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exemplary frequency spectrum of the harmonically rich signal 3209 having harmonics 
3266a-n that repeat at harmonics of the sampling frequency fg. Each harmonic 3266 
in the harmonically rich signal 3209 includes the necessary amplitude, phase, and 
frequency information to reconstruct the input signal 3202, A relative phase shift is 
introduced in the harmonics 3266 by varying the bias voltage 2616, so that pulses 
2620 in the control signal 2607 are triggered earlier (or later) relative to a nominal 
sampling time. Since the pulses 2620 determine the sampling time of the EM input 
signal 3202, a phase-shift is introduced in the harmonics 3266, relative to the nominal 
or reference bias vohage. 

In embodiments of the invention, the pulse width of the pulses 2620 are 
established to shift energy among the various harmonics 3266 of the harmonically rich 
signal 3209. Generally, shorter pulse widths shift more energy into the higher 
frequency harmonics, and longer pulse widths shift energy into the lower frequency 
harmonics. In embodiments, the pulse width is approximately Vi a period of a 
harmonic frequency of interest. In other words, the pulse width of the control signal 
2607 is established to be approximately ir radians at the harmonic frequency of 
interest. 

In step 3262, the filter 3208 selects the harmonic of interest from the 
harmonically rich signal 3209. In FIG. 32C, this is represented by a passband 3268 
that selects the harmonic 3266c as the up-converted output signal 3206. 

In step 3264, the bias voltage 26 1 6 is optionally varied, which phase shifts the 
pulses of the control signal 2607, and thereby varies the relative phase shift of the up- 
converted output signal 3206. 

Up-conversion of an input signal using a UFT module is further described in 
the above cited applications, such as "Method and System for Frequency Up- 
Conversion," Application No. 09/176,154 Attorney Docket Number 1744.0020000. 
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Z 2 2 Changing the Delay of the LO Signal 

As described above, the UFT module can be configured to provide integrated 
frequency translation and phase shifting by varying the sampling time that the UFT 
module samples the input signal. In section 7.2. 1, this was accomplished by varying 
the bias voltage of the LO signal that triggers the pulse generator so that the pulse 
generator triggers earlier (or later) in time relative to a reference bias voltage. 
Alternatively, the LO signal that drives the pulse generator can be delayed by a 
variable amount to achieve the same effect of changing the UFT sampling time. 

FIG. 33A illustrates an integrated frequency translator/phase-shifter 3304, 
according to an embodiment of the invention. Frequency translator/phase-shifler 3304 
includes: a UFT module 3308 having a controlled switch 3310, a pulse generator 
33 12, a delay 33 14, and a local oscillator 33 16. Translator/shifter 3304 translates and 
phase shifts the input signal 3302 to generate a fi*equency translated and phase shifted 
output signal 3306. The fi'equency translation and phase shift occur in an integrated 
manner, where the amount of relative phase shift is based on the relative delay of the 
LO signal that drives the pulse generator 3312. 

The frequency translator 3304 is described in detail as follows with reference 
to an operational flowchart 3350 that is shovm in FIG. 33C. The discussion is 
applicable to both down-conversion and up-conversion. As mentioned earlier for 
down-conversion, the EM input signal 3202 can be down-converted to baseband or 
down-converted to an IF signal, depending on the LO fi'equency. For up-conversion, 
the EM input signal is up-converted to a harmonic of the LO frequency. Specific 
embodiments that are directed to down-conversion and up-conversion will be 
described after the general frequency translation and phase-shift embodiment that is 
described as follows. 
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In step 3352, the UFT module 3308 receives the EM input signal 3302. 

In step 3 3 54, the oscillator 3316 generates a LO signal 3317 that is preferably 
sinusoidal. More specifically, for down-conversion, the LO signal 33 17 is preferably 
a sub-harmonic (or offset thereof) of the input signal. For up-conversion, the LO 
signal 33 17 is preferably a sub-harmonic of the output signal 3306. As stated, the LO 
signal 3317 is preferably a sinewave. However, other known waveforms could be 
used including triangle waves, square waves, etc. 

In step 3356, the delay 3314 implements a variable time delay for the LO 
signal 33 17, resulting in a LO signal 3319. The amount of delay that is implemented 
by the delay 33 14 is determined according to the delay control 3320. Various types 
of tunable delays can used as will be understood by those skilled in the arts, including 
switchable delay lines, op-amp buffers, allpass filters, etc. 

In step 3358, the pulse generator 3312 generates the control signal 3311 
according to the delayed LO signal 3319, where the control signal 3311 includes a 
plurality of pulses 33 18. The pulse generator 3312 triggers and produces a pulse 3318 
when the delayed LO signal 3319 exceeds a threshold voltage that is associated with 
the pulse generator 33 12. In embodiments of the invention, the plurality of pulses 
2620 have pulse widths that tend away fi'om zero, and cause non-negligible amounts 
of energy to be transferred fi'om the input signal 2604 to the output signal 2606, as 
discussed above and in the above referenced patent applications. 

In step 3360, the UFT module 3308 samples the input signal 3302 according 
to the control signal 3311. More specifically, the controlled switch 33 10 in the UFT 
module samples the input signal 3302 according to the control signal 33 1 1, resulting 
in the phase shifl:ed and fi-equency translated output signal 3306. The fi-equency 
translation occurs because the UFT module sub-harmonically samples the input signal 
in a periodic manner, resulting in harmonic images of the input signal that repeat at 
harmonics of the sampling frequency. As mentioned above, frequency translation by 
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a UFT module has been described herein and in the above referenced patent 
applications, to which the reader is referred for fiirther details. The phase shift occurs 
because any relative delay in the LO signal 33 19 causes the pulse generator 3312 to 
trigger earlier (or later) than nominal, which produces a time/phase shift in the pulses 
of control signal 3311. By phase shifting the pulses in the control signal 331 1, the 
controlled switch 33 10 samples the input signal 3302 earlier (or later) in time relative 
to the nominal condition. In other words, a phase shifted-control signal 33 1 1 causes 
a shift in the UFT samplmg time, which results in a relative phase shift in the output 
signal 3306. 

In step 3362, the delay of the LO signal 33 19 is varied according to the delay 
control 3320. This phase shifts the pulses in the control signal 3311, and thereby 
varies the relative phase shift of the output signal 3306. Phase shifting the output 
signal 3306 by adjusting the delay on the LO signal 3319 is discussed fiirther in 
reference to FIG. 33B. 

FIG. 33B illustrates an exemplary RF input signal 3302 and exemplary delayed 
LO signals 3319a-n, where each LO signal 3319 has an increasing time delay as 
shown. The exemplary RF input 3302 is a 10* harmonic of the LO signal 3317 (and 
the delayed LO signals 3319a-n.) Therefore, there are 5 RF cycles within Vi period 
(To/2) of the LO signal, as illustrated. (Other harmonic ratios could be utilized as will 
be understood by those skilled in the arts.) FIG. 33B also illustrates a threshold 3322 
for the pulse generator 33 12, where the pulse generator 3312 triggers when the LO 
signal crosses the threshold 3322. As illustrated, the various delayed LO signals 
3319a-n cross the threshold 3322 at different points in time, and thereby trigger the 
pulse generator 3312 at different points in time, causing a relative phase shift in the 
pulses 3318 of the control signal 3311. The phase-shifted control signal 33 1 1 causes 
the RF input signal 3302 to be sampled at different time points, and thereby 
implements the desired phase shift in the frequency translated output signal 3306. In 
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other words, the sampling point can be seen to "walk through" the RF input signal 
3302, which results in a phase shift in the output signal 3306. 

Additionally, unlike the phase shifter 2602 ( in FIG, 26), the phase shifter 
3302 is not limited to Vz of the LO cycle for triggering the pulse generator 33 12. This 
is illustrated by LO signals 33 19a and 33 19n, which are outside the LO window. 
The cycle limitation is removed because the delay 3314 is used to adjust the LO 
signal 3317 instead of a voltage level shift. The result is that there is no limit on the 
useful range of the LO signal that can be used to trigger the pulse generator 3312, and 
therefore there is no limit on the phase shift that can be achieved. For example and 
without limitation, the delay could be 27 RF cycles (which is 2.7 LO cycles when the 
RF is the 10**" harmonic of the LO signal), resulting in an exemplary phase shift of 
9720 degrees. 

FIG. 3 3D illustrates a frequency translator/phase shifter 3370, where the 
variable delay 33 14 is placed between the pulse generator 33 12 and the UFT module 
3308, instead of between the UFT module 3308 and the LO 3316. Therefore, the 
variable delay is directly applied to the pulses 3318, instead of through the LO signal 
3319. 

7.2.2.1 Down-Conversion 

FIG. 34A depicts a down-converter/phase-shifter 3404 as an embodiment of 
the frequency translator/phase-shifter 3304. Dovm-converter/phase-shifter 3404 
down-converts and phase shifts an input signal 3402 to a down-converted/phase 
shifted signal 3406. Down-converter/phase-shifter 3404 includes a storage module 
3408 in addition to the components discussed in the frequency translator 3304. In 
embodiments, the storage module 3408 is a capacitor 3409 that stores/integrates 
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energy transferred from the input signal 3402 when being sampled by the UFT module 
3308, 

In embodiments, the down-converter/phase-shifter 3404 is fiirther described 
with reference to the flowchart 3450 that is shown in FIG. 34B, which is described 
as follows. 

In step 3452, the UFT module 3308 receives the EM input signal 3402 that 
is to be down-converted. 

In step 3454, the oscillator 3316 generates a LO signal 33 17. LO signal 33 1 7 
is preferably a sinewave having a frequency that is a sub-harmonic (or offset thereof) 
of the EM input signal 3402. For down-conversion to baseband, the LO signal 33 17 
is preferably a sub-harmonic of the EM input signal 3402. For down-conversion to an 
IF frequency, the LO signal 3317 can be offset from a sub-harmonic of the EM input 
signal 3402 according to the equation: 

FreqLo= (Freq^^p^ +/- Freq^rVw 

where: FreqLo= frequency of the local oscillator 
Freq^nput^ frequency of the EM input signal 
FreqiF= frequency of an IF output signal 
w= harmonic number 

As stated, the LO signal 3 3 1 7 is preferably a sinewave. However, other knovm 
waveforms could be used including triangle waves, square waves, etc. 

In step 3456, the delay 33 14 implements a variable time delay of the LO signal 
3317, resulting in the delayed LO signal 3319. The amount of delay that is 
implemented by the delay 33 14 is determined according to the delay control 3320. 
Various types of delays can used as will be understood by those skilled in the arts, 
including switchable delay lines, op-amp buffers, allpass filters, etc. 

In step 3458, the pulse generator 3312 generates the control signal 3311 
according to the LO signal 3319, where the control signal 3311 includes a plurality 
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of pulses 33 18. In doing so, the pulse generator 33 12 triggers and produces a pulse 
3318 when the delayed LO signal 3319 exceeds a threshold voltage (or trigger 
voltage), as represented by a threshold voltage 3322 in FIG, 33B. 

In down-conversion embodiments, the pulse v^dth of the pulses 33 18 in the 
control signal 33 1 1 are a non-negligible fraction of a period associated with the EM 
5 input signal 3402 that is to be down-converted. For example and without limitation, 

the pulse-widths of the pulses 33 18 can be approximately 1/10, 1/4, 1/2, 3/4, etc., or 
any other fraction of a period of the EM input signal 3402 or one or more periods 
plus a fraction of a period. In an embodiment, a pulse width of approximately of a 
O period of the EM input signal 3402 is desirable. 

10 1^ In step 3460, the UFT module 3308 samples the EM input signal 3402 

^ according to the control signal 3311. More specifically, the switch 3310 closes during 

j B the pulses 33 1 8 of the control signal 3311, resulting in undersamples 3407. During 

ill sampling, in embodiments, non-negligible amounts of energy are transferred from the 

EM input signal 3402 to the undersamples 3407. This occurs because the pulse- 
15 5 widths of the pulses 3318 are widened to extend the time that the switch 3310 is 

y3 closed during individual samples, resulting in increased energy transfer from the input 

^ signal 3402 to the undersamples 3407. Additionally, input and output impedances of 

the UFT module 3308 are reduced by widening the sampling pulse. 

In step 3462, the storage module 3408 stores and integrates successive 
20 undersamples 3407, resultinginthedown-convertedsignal3406. In embodiments, the 

capacitor 3409 integrates the charge associated with successive undersamples 3407, 
resulting in the down-converted signal 3406. A relative phase shift is introduced in the 
down-converted signal 3 406 by varying the delay 3314, according to the delay control 
3320. As described above, changing the delay of the LO signal 3319 causes the pulse 
25 generator 33 12 to trigger earlier (or later) compared to a reference delay, thereby 

phase shifting the pulses 3318 in the control signal 3311. Since the pulses 3318 

1744.0710005 



"93- 



determine the sampling time of the EM input signal 3402, a phase-shift is introduced 
in the down-converted output signal 3406, relative to a nominal or a reference delay. 

In step 3464, the delay of the LO signal 33 19 is varied according to the delay 
control 3320. This phase shifts the pulses in the control signal 3311, and thereby 
varies the relative phase shift of the output signal 3406. 
5 Dovm-conversion utilizing a UFT module (also called an aliasing module) is 

further described in a number of applications cited above, such as "Method and 
System for Down-converting Electromagnetic Signals," Application No. 09/1 76,022, 
Attorney Docket Number 1744.0010000, now U.S. Patent No.6,061,551. As 
Q discussed herein and in the *551 patent, the pulse widths of the control signal 331 1 

1 0 |fl can be adjusted to increase and/ or optimize the energy transfer to the down-converted 

output signal 3406, Additionally, matched filter principles can be implemented to 
jO shape the sampling pulses and fiirther improve energy transfer to the down-converted 

U1 output signal 3406, as further described in co-pending U. S. patent application titled, 

"Matched Filter Characterization and Implementation of Universal Frequency 
15 £ Translation Method and Apparatus," Ser. No. 09/521,828, filed on March 9, 2000. 

7,2.2.2 Up'Conversion 

FIG. 35A depicts an up-converter/phase-shifter 3504 as an example 
20 embodiment of the frequency translator/phase-shifter 3304. Up-converter/phase- 

shifter 3504 up-converts and phase shifts an input signal 3502 to generate up- 
converted and phase shifted output signal 3506. Up-converter/phase-shifter 3504 
includes a bandpass filter 3508 in addition to the components identified for the up- 
converter/phase-shifter 3 3 04, The bandpass filter 3508 selects the harmonic of interest 
25 fi-om a harmonically rich signal 3509 that is generated by the UFT module 3308. The 

harmonically rich signal 3509 contains multiple harmonic images that repeat at 

1744.0710005 
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harmonics of the sampling frequency, as determined by the LO signal 3317. Each 
harmonic includes the necessary amplitude, phase, and frequency information to 
reconstruct the input signal 3502. In embodiments, the pulse widths for the control 
signal 3311 are adjusted to shift energy among the harmonics that make-up the 
harmonically rich signal 3509. 

In embodiments, theup-converter/phase shifier 3 5 04 is further described with 
reference to the flowchart 3550 that is shown in FIG. 35B, which is described as 
follows. 

In step 3552, theUFT module 3308 receives the EM input signal 3502, which 
is preferably a baseband signal or lower frequency signal that is to be up-converted. 

In step 3554, the oscillator 3316 generates a LO signal 33 1 7. LO signal 33 17 
is preferably a sinewave having a frequency that is sub-harmonic of the desired 
frequency of the up-converted output signal 3506, As stated, the LO signal 3317 is 
preferably a sinewave. However, other known waveforms could be used including 
triangle waves, square waves, etc. 

In step 3556, the delay 3314 implements a variable time delay for the LO 
signal 3317, resulting in a LO signal 3319. The amount of delay that is implemented 
by the delay 3314 is determined according to the delay control 3320. Various types 
of delays can used as will be understood by those skilled in the arts, including 
switchable delay Unes, op-amp buffers, allpass filters, etc. 

In step 3558, the pulse generator 3312 generates the control signal 3311 
according to the delayed LO signal 3319, where the control signal 3311 includes a 
plurality of pulses 33 18. In doing so, the pulse generator 33 12 triggers and produces 
a pulse 3318 when the delayed LO signal 3319 exceeds a threshold voltage (or trigger 
vohage) associated with the pulse generator, as represented by a threshold voltage 
3322inFIGs. 33B. 
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In up-conversion embodiments, the pulse width of the pulses in the control 
signal 33 1 1 are a non-negligible fraction of a period associated with the up-converted 
EM output signal 3506, or one or more periods plus a fraction of a period. For 
example and without limitation, the pulse-widths of the control signal 2607 can be 
approximately 1/10, 1/4, 1/2, 3/4, etc, or any other fraction of a period of the up- 
converted EM output signal 3506. In an embodiment, a pulse width of approximately 
y2 of a period of the EM output signal 3506 is desirable. 

In step 3560, the UFT module 3308 samples the EM input signal 3502, 
according to the control signal 3311. More specifically, the sv^tch 3310 closes during 
the pulses 33 1 8 of the control signal 33 1 1 , so that the periodic sampling produces a 
harmonically rich signal 3509. The harmonically rich signal 3509 includes multiple 
harmonic images that repeat at harmonics of the sampling frequency fg, which is the 
frequency of the pulses 3318 of the control signal 3311. FIG. 35C illustrates an 
exemplary frequency spectrum of the harmonically rich signal 3 509 having harmonics 
3566a-n that repeat at harmonics of the sampling frequency fg. Each harmonic 3566 
in the harmonically rich signal 3509 includes the necessary amplitude, phase, and 
frequency information to reconstruct the input signal 3502. A relative phase shift is 
introduced in each of the harmonics 3566 by varying the delay of the LO signal 3319, 
so that pulses 33 18 in the control signal 331 1 are triggered earlier (or later) relative 
to a reference sampling time. Since the pulses 33 18 determine the sampling time of 
the EM input signal 3502, a phase-shift is introduced in the harmonics 3566, relative 
to a reference amount of LO delay. 

In embodiments of the invention, the pulse width of the pulses 3318 are 
established to shift energy among the various harmonics 3 566 of the harmonically rich 
signal 3209. Generally, shorter pulse widths shift more energy into the higher 
frequency harmonics, and longer pulse widths shift more energy into the lower 
frequency harmonics. In embodiments, the pulse width is approximately Vi a period 
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of a harmonic frequency of interest. In other words, the pulse width is established to 
be approximately n radians at the harmonic frequency of interest. 

In step 3562, the filter 3508 selects the harmonic of interest from the 
harmonically rich signal 3509. In FIG. 32C, this is represented by a passband 3568 
that selects the harmonic 3566c as the up-converted output signal 3506. 

In step 3564, the delay of the LO signal 33 19 is optionally varied according 
to the delay control 3320. This phase shifts the pulses of the control signal 3311, and 
thereby varies the relative phase shift of the up-converted output signal 3506. 

Up-conversion of an input signal using a UFT module is fiirther described in 
"Method and System for Frequency Up-Conversion," Application No. 09/176,154 
Attorney Docket Number 1 744.0020000. 

7.225 Dual Feed Structure 

FIG. 78 A illustrates a frequency translator/phase-shifter 7800 that is a second 
embodiment of frequency translation/phase shifting where the amount of phase shift 
is controlled by introducing a variable delay in the pulses of a control signal that 
operate the UFT module. Phase-shifter 7800 translates and phase shifts the input 
signal 7802 to generate a phase shifted output signal 7804. Phase-shifter 7800 
includes: UFT module 7803 and control signal generator 7806. Control signal 
generator 7806 is a dual feed structure that generates the control signal 7805 
according to the DC control voltages 7808 and 7816. Control signal generator 7806 
includes: UFT module 7810, summer 7812, UFT module 7814, delay 7818, pulse 
generator 7820, and oscillator 7822. The UFT modules 7810 and 7814 are 
implemented as FET transistors 7809 and 7815, respectively. 

Phase-shifter 7800 operates similar to phase-shifter 3304 (FIG. 33A), in that 
the UFT module 7803 samples the input signal 7802 according to a control signal 
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7805, resulting in a phase-shifted output signal 7804. The relative phase shift of the 
output signal 7804 is determined by the relative phase shift (or time shift) of pulses 

7807 that comprise the control signal 7805. This occurs because the pulses 7807 
trigger the sampUng of the input signal 7802 by the UFT module 7803 . As discussed 
below, the relative time shift of the pulses 7807 in the control signal 7805 are 
determined by the DC voltages 7808 and 7816. 

Referring now to the control signal generator 7806, the oscillator 7822 
generates a clock signal 7821 that is a sub-harmonically related to the input signal 
7802 for down-conversion, or sub-harmonically related to the output signal 7804 for 
up-conversion. Clock signal 7822 can be a sine wave, a square wave, or another 
periodic waveform. Pulse generator 7820 generates an I clock signal 7817 comprising 
a pulse train having pulse width T^. The UFT module 7810 samples the DC voltage 

7808 according to the I clock signal 7817, resulting in an I control signal 78 1 1 . More 
specifically, the FET 7809 conducts to sample the DC voltage 7808 when triggered 
by the I clock signal 7817. The I control signal 781 1 comprises a plurality of pulses 
that are substantially similar in fi-equency and phase to the clock signal 7817. 

Still referring to control signal generator 7806, the delay 7818 delays the I 
clock signal 7817 by 180 degrees at the frequency of oscillator 7822 to generate a Q 
clock signal 7819. The UFT module 7814 samples the DC voltage 7816 according to 
the Q clock signal 7819 to generate a Q control signal 7813. More specifically, the 
FET 7815 conducts to sample the DC vohage 7816 according to the Q clock signal 
7819. 

The summer 7812 sums the signals 7811 and 7813 to generate the control 
signal 7805, that has frequency that is approximately 2X that of the I clock signal 
7817. In other words, the pulses 7807 have a frequency that is 2X the frequency of 
the pulses in the I clock signal 7817. 
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In a reference scenario, both the DC voltages 7808 and 7816 are 
approximately equivalent, and the FET 7815 triggers 180 degrees later in time than 
theFET 7809 because of the 180 degree delay 7818. However, ifthe DC voltages are 
different, then the FET 7809 and/or the FET 78 1 5 will trigger earlier (or later) in time 
than in the reference scenario, and thereby causing a phase shift in the control signal 
7805. This occurs because the DC voltages 7808 and 7816 are connected to the 
source of FETs 7809 and 7815, respectively. Therefore, a change in the DC voltage 

7808 alters the gate-to-source voltage for the FET 7809, and thereby cause the FET 

7809 to trigger at a different time compared to a reference Vgs for FET 7809. 
Likewise, a change in the DC voltage 7816 will cause a change in the V^s for the FET 
7815, and thereby cause the FET 7815 to trigger at a different time compared to a 
reference Yq^. 

FIGs. 78B-D depict example signal diagrams that further illustrate the 
operation of the control signal generator 7806. FIGs. 78B-D are meant for example 
purposes only, and are not meant to be limiting, FIG. 78B illustrates the master clock 
signal 7821 that is generated by the oscillator 7822, FIG.78C illustrates an example 
of the control signal 7805 for a reference scenario, where the DC voltage 7808 is 
equivalent to the DC voUage 7816 at time to. It is noted that the signal 7805 in FIG. 
78C has a frequency of 2X that of the clock 782 1 , and has a pulse width of T^. FIG, 
78D illustrates an example of the control signal 7805 when the DC voltage 7808 ^DC 
voltage 78 1 6 at a time tj. It is noted that pulse 7832 in FIG. 78D triggers earlier than 
the corresponding pulse 7830 in FIG. 78C. In other words, the non-equivalence of the 
DC voltages 7808 and 7816 at time tj causes the illustrated phase shift in the pulse 
7832 at time t^. Therefore, the pulses 7807 in the control signal 7805 can be phase- 
shifted by adjusting DC control voltages 7808 and 7816. 

7.2.3 Changing the Shape or Phase of the LO waveform 
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As described above, the UFT module can be configured to provide integrated 
fi-equency translation and phase shifting by varying the sampling time that the UFT 
module samples the input signal. In section 7.2, 1, the LO signal that drives the pulse 
generator is level shifted with a bias voltage so that pulse generator triggers earUer or 
later in time relative to a reference bias voltage (e.g. 0 volts). In section 7.2,2, the LO 
signal that drives the pulse generator is delayed by a variable amount to change the 
UFT sampling time. In another embodiment, the shape or form of the LO signal is 
changed so as to vary the phase shift (or time shift) of the LO signal that triggers the 
pulse generator. 

FIG. 36 illustrates an example fi-equency translator/phase-shifter 3604 that 
contains a LO shape changer 3608. Frequency translator/phase-shifter 3604 is similar 
to translator 2602 (in FIG. 26A), The difference being that the phase shift is 
implemented by changing the shape of the LO signal 2613 using the shape changer 
3608, resulting in a shaped LO signal 3610. Shape changer 3608 changes the shape 
of the LO signal 26 1 3 by inverting, filtering, distorting, or pulse shaping the LO signal 
2613. For example and v^ithout limitation, the sinewave LO signal 2613 could be 
converted into a sav^-tooth wave or a square wave to vary the trigger time-point of 
the pulse generator 2610 fi-om nominal. It is noted that a saw-tooth wave has more 
phase controllability than a square wave because the saw-tooth wave has a longer 
rising edge linear region than a square wave. As discussed above, changing the trigger 
point of the pulse generator 2610 causes a phase shift in the pulses 2620 of the 
control signal 2607, Phase shifting the pulses 2620 causes a variance in the sampling 
time by the UFT module 2606, thereby causing a phase shift in the output signal 3606. 

FIG. 79 illustrates a frequency translator/phase-shifter 7904 that is an 
embodiment of the frequency translator 3604. In frequency translator 7904, the LO 
shape changer 3608 is embodied as a multi-pole switch 7908 that selects among 
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multiple oscillators 7910-7914, where each oscillator generates a different type of 
periodic LO signal. More specifically, oscillator 7910 generates a square wave LO 
signal 7916. Oscillator 7912 generates a sine wave LO signal 7918. Finally, the 
oscillator 7914 generates a triangle wave LO signal 7920. The switch 7908 selects 
one of the oscillator signals 7916-7920, according to a switch control signal 7922, 
During operation, one of the signals 7916-7920 can be chosen as a default 
reference for the LO signal 3610. For example and without limitation, the sine wave 
signal 7918 can be chosen as a reference for the LO signal 3610. The LO signal 3610 
can then be shaped or modified by changing the settings of the switch 7908 to one of 
the other signal choices when a phase shift is desired. As mentioned above, changing 
the shape or form of the LO signal 3610 causes the pulse generator 2610 to trigger 
at different time point than nominal, and results in a phase shift in the output signal 
7906. 

7.2.3.1 Down-Conversion 

FIG. 37 depicts a down-converter/phase-shifter 3704 as an embodiment of the 
fi-equency translator/phase-shifter 3604. Down-converter/phase-shifter 3704 down- 
converts and phase shifts an input signal 3702 to a down-converted/phase shifted 
signal 3706. Dovm-converter/phase-shifter 3704 includes a storage module 3708 in 
addition to the components discussed in the frequency translator 3604. In 
embodiments, the storage module 3708 includes a capacitor 3708 that 
stores/integrates the energy transferred from the input signal 3702 when being 
sampled by the UFT module 2606. Down-conversion of an EM input signal using a 
UFT module (also called an aliasing module) is fiirther described in the above 
referenced applications, such as "Method and System for Down-converting 
Electromagnetic Signals," AppUcation No. 09/176,022, Attorney Docket Number 
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1744.0010000, now U.S. Patent No.6,061,551. As discussed in the '551 patent, the 
pulse widths of the control signal can be adjusted to increase and/or maximize the 
energy transfer to the down-converted/phase shifted output signal 3706. Additionally, 
matched filter principles can utilized to further improve energy transfer to the down- 
converted/phase-shifted output signal 3706. 

7.2.3.2 Up-Conversion 

FIG. 3 8 depicts anup-converter/phase-shifter 3 804 as an example embodiment 
of the fi-equency translator/phase-shifter 3604. Up-converter/phase-shifter 3804 up- 
converts and phase shifts an input signal 3802 to generate up-converted and phase 
shifted signal 3806. Up-converter/phase-shifter 3804 includes a bandpass filter 3808 
in addition to the components identified for the fi-equency translator/phase-shifter 
3604. The bandpass filter 3808 selects the harmonic of interest fi-om a harmonically 
rich signal 3809 that is generated by the UFT module 2606. The harmonically rich 
signal 3809 contains multiple harmonic images that repeat at the sampling frequency 
determined by the LO signal 2613. Each harmonic image in the harmonically rich 
signal 3809 contains the necessary amplitude, phase, and frequency information to 
reconstruct the baseband signal 3802. Up-conversion of an input signal using a UFT 
module is fiirther described in "Method and System for Frequency Up-Conversion," 
Application No. 09/176,154 Attorney Docket Number 1744.0020000. 

7. 2. 4 Phase Shifting Without Using a Pulse Generator 

In the embodiments described in sections 7.2. 1-7.2.3, the phase shifting was 
implemented by varying the trigger point (in time) of the pulse generator by 
manipulating the sinusoidal LO signal that drives the pulse generator. Alternatively, 
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the LO signal could be used to drive the UFT module directly without the using a 
pulse generator. This is illustrated in FIGs. 39-40. 

FIG. 39 illustrates an example frequency translator/phase-shifter 3904 that 
operates similar to the frequency translator/phase shifter 2602 (FIG. 26A). As such, 
the LO signal 2613 is raised or lowered using the bias voltage 2616, to generate the 
biasedLO signal 2611 similar to that in phase-shifter 2602. However, in phase-shifter 
3904, the biasedLO signal 261 1 directly operates the UFT module 2608, and controls 
the sampling of the input signal 3902 using the controlled switch 2609. By raising or 
lowing the bias voltage, the sampling point is changed in time, and the phase shift is 
implemented. 

FIG. 40 illustrates an example frequency translator/phase-shifter 4004 that 
operates similar to the phase-shifter 3304 in FIG. 33A. However, in phase-shifter 
4004, the delayed LO signal 3319 directly operates the UFT module 3308, and 
controls the sampling of the input signal 4002 using the controlled switch 3310. By 
changing the variable delay, the sampling point is changed in time, and the desired 
phase shift is implemented. 

7. 3 Antenna Applications of Universal Frequency Translation: 

As described herein, the UFT module can be configured to perform frequency 
translation and phase shifting in an integrated manner. This makes the UFT module 
a very powerfiil and versatile antenna building block, as well as other applications. 
In particular, in embodiments and without limitation, the UFT module can be utilized 
in antenna array applications to frequency translate (including down-conversion and 
up-conversion) and phase shift signals for each individual antenna element (or groups 
of antenna elements) in a phased array antenna. Therefore, it is possible to 
simultaneously frequency translate a signal and steer the antenna beam of a phased 
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array antenna utaizing UFT modules. Because UFT modules permit extremely fine 
control of RF phase, UFT modules can be used to finely control the beam of an 
antenna array. In the sections that follow, various antenna appUcations that utilize the 
UFT module are described. It should be understood that this phased array description 
is provided for illustrative purposes only, and therefore the invention is not limited to 
phased array applications. 

7.3. 1 Overview of Adaptive Beam Forming 

It is known in the relevant art(s) that the output signals of two or more 
antennas or antenna elements can be combined. If the output signals of two or more 
antennas are combined such that the individual antenna output signals are added in- 
phase, the resulting output signal has a greater amplitude than either of the individual 
antenna output signals. This concept is illustrated in FIG. 41 and is at the heart of 
what is commonly know as adaptive beam forming or beam steering for multi-element 

phased array antennas. 

As can be seen in FIG. 41, a signal 4102 is being transmitted by an antenna 
4104 and received by an antenna 4106 and an antenna 4108. The distance between 
antenna 4104 and antenna 4106 is the same as the distance between antenna 4 1 04 and 
antenna 4108. As a resuh, the output signals 41 10 and 41 12 of antennas 4106 and 
4108, respectfiilly, are approximately in-phase. When the output signals 4110 and 
4112 of antennas 4106 and 4108 are added together by summing unit 4114, the 
resulting output signal 41 16 has a peak amplitude that is equal to the sum of the peak 
amplitudes of the output signals of the antennas 4106 and 4108. 

As can be seen in FIG. 42, when the distance between a transmitting antenna 
4202 and antennas 4106 and 4108 are not the same, the output signals 4204 and 4206 
of antennas 4106 and 4108 are not in-phase. This phase difference is due to the fact 
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that the signal transmitted by antenna 4202 arrives earlier at antenna 4 1 06 than it does 
at antenna 4 108. As a result of the phase difference between the output signals 4204 
and 4206, the summer output signal 4208 has a peak amplitude that is less than the 
sum of the peak amplitudes of the output signals of the antennas 4106 and 4108. 

As illustrated in FIG. 43, an RF phase shift module 4302 can be incorporated 
into an output signal path of antenna 4106. This is done to compensate for the phase 
shift that is introduced by the path length difference between antenna 4202 and the 
antennas 4 1 06 and 4 1 08 . RF phase shift module 4302 can be used to either advance 
or delay the phase of the output signal 4204 from antenna 4106 so that it will exactly 
match the phase of the output signal 4206 from antenna 4108. As discussed above, 
when the output signals of antennas 4106 and 4108 are exactly in phase, then the 
amplitude of the output signal 4208 of the summing unit 41 14 is at a maximum. 

FIGs. 44A-44B fiirther describe adaptive beam forming and beam steering for 
a phased array antenna. FIG. 44A shows the direction of the lobes of a particular 
phased array antenna without RF phase shifting. In FIG. 44A, the main lobe of the 
phased array antenna is at an angle a = 0°. FIG. 44B shows how the direction of the 
lobes of the same phased array antenna can be steered by shifting the phases of the 
output signals of the mdividual antenna elements. In FIG. 44B, the main lobe of the 
phased array antenna has been steered to an angle a = 30 " by using RF phase shifting. 
Steering antenna beams by phase shifting the output signals from an antenna element 
is fiirther described below in terms that will be familiar to persons skilled in the 
relevant art(s). 

Phased array antennas, or antenna arrays, are composed of a muhipUcity of 
antenna elements. Each element has its own radiation pattern. Preferably, the radiation 
pattern is the same whether the element is receiving or transmitting, which is known 
as reciprocity to those skilled in the relevant arts. Furthermore, this radiation pattern 
is known as the element factor. The antenna array, consisting of antenna elements. 
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has a radiation pattern known as the space factor or array factor. The total radiation 
pattern of an antenna array is the product of the element factor and the array factor. 

The element factor is the radiation pattern of an individual antenna element. 
Radiation patterns are typically computed in two planes known as the principal planes. 
Propagating electromagnetic fields are composed of electric fields and magnetic fields 
that are orthogonal to each other. Both the electric fields and the magnetic fields are 
orthogonal to the direction of propagation of the propagating electromagnetic fields. 
The plane containing the electric field vector and the direction of propagation is one 
of the principal planes. The other principal plane is the plane containing the magnetic 
field vector and the direction of propagation. The principal planes are generally 
referred to as the E-plane (electric plane) and the H-plane (magnetic plane), 

A commonly used antenna element is the half-wave dipole. This antenna 
element is illustrated in FIG, 45 A, As shown in FIG. 45 A, the H-plane is represented 
by the y-z plane. The E-plane is represented by the x-z plane. The H-plane element 
factor is preferably constant. The E-pIane factor for an infinitesimal dipole is: 



Where ^ is a constant. 

Antenna elements are caused to radiate by exciting (or feedmg) them with 
currents (I), having both a magnitude (IJ and phase {fi) where: 



FIG. 45B illustrates the E-plane factor for a half-wave dipole. 
Each of the various types of antenna elements has its own unique radiation 
pattern. These radiation patterns are throughly described in the many references 



EF{e)^^'Qos\e) 



Eq. 1 




Eq. 2 
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available on antenna theory and design and are known to persons skilled in the 
relevant art(s). 

When multiple identical radiating elements are arranged to form an antenna 
array, then the array itself has a radiation factor called the array factor. For the 
purpose of determining the array factor, each of the antenna elements are considered 
to be point sources. Stated differently, preferably each antenna element is considered 
to be an infinitesimal, isotropic radiator. 

FIG. 46 shows anN-element linear array of point sources. Each point source 
is evenly spaced along the x-axis. The array factor for this linear antenna array is: 

N 

AF{0) = ^I^^e''''^''''^'^ Eq.3 

where d^ is the distance to the n*^ antenna element and Ij, is the excitation current in 
the n^ element. 

is of the form: 

7^ := a„ • e^'^" Eq. 4 

where a^ and are the magnitude and phase of the current in the n* antenna element, 
respectively. 

The propagation constant (k) is: 

k = — Eq. 5 

where f is the fi:*equency and Cq is the speed of light in free space. 
The array factor in the y-z plane is constant. 

FIG. 47 illustrates an N x M rectangular antenna array. The antenna array in 
FIG. 47 is shown as having N rows and M columns of antenna elements in the x-y 
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plane. Each of the various types of antenna elements has its own unique radiation 
pattern. These radiation patterns are throughly described in the many references 
available on antenna theory and design and are known to persons skilled in the 
relevant art(s). In the case of the rectangular antenna array, the current exciting the 
nm* antenna element is: 

In the case where is constant and equal to a^, and the currents exciting 
each element of a particular row {Nl , N2, N3 , , . . , NM) are in phase, the array factor 
in the y-z plane, due to the rows of the array, can be computed by: 

Similarly, the array factor in the x-z plane, due to the columns of the array, can 
be computed by: 

AF{e) = M- a, • e^ '<-^'^'^ Eq. 8 

The total array factor for the rectangular antenna array is given by the product 
of Eqs. 7 and 8. Thus the total array factor is: 

AF(ej)= AF{0)'AF{^) 

= (AF(0)=ll_^M-a,.e^-'<-<'f^^ 

Eq. 9 

As stated above, the radiation pattern (RP) of an antenna array is the product 
of the element factor (EF) and the array factor (AF). 

RP=EF-AF Eq. 10 
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To illustrate this point, consider the linear array of five half-wave dipoles 
4892a-e that are shown in FIG. 48. The element factor for a half-wave dipole is 
shown in FIG. 45B. The array factor is shown in FIG. 49 A. Multiplying the element 
factor of FIG. 45B and the array factor of FIG. 49A produces the radiation pattern 
shown in FIG. 49B. Of particular importance is the effect of the element factor on the 
array factor. The nulls of the element factor cause the grating lobes in the array 
factor, which can be seen in FIG. 49B at 90 degrees and 270 degrees, to be 
significantly reduced. As should be apparent to persons skilled in the relevant art(s) 
given the discussion herein, it follows that the same principles apply to planar arrays. 

In deriving Eq. 9, it was assumed that each antenna element was excited by 
an identical current. That is, it was assumed that the amplitudes and the phases of the 
currents feeding the antenna elements were identical. Such arrays are known in the 
relevant art as uniform arrays or arrays with uniform aperture distribution. It is also 
useful to intelligently alter both the amplitudes and the phases of the currents feeding 
the antenna elements, however, in order to achieve other array characteristics. 

When the magnitudes of the currents feeding the antenna elements in the 
center of the array are greatest and the magnitudes of the currents feeding the 
elements gradually get smaller toward the edges of the array, the side lobes in the 
array factor are diminished. This point is illustrated by FIGs. 50A and SOB. FIG. 
50A shows an array factor for the case of uniform current amplitude distribution. 
FIG. SOB shows an array factor where the current amplitude distribution 
approximates a raised cosine. There are also other types of non-uniform current 
distributions, for example Taylor, Chebyshev, etc., that each has a slightly different 
effect on the array factor. Illustrations of these array factors can be found in several 
of the many references on antenna theory and design. 

A different effect is produced in the array factor by a progressive current 
phase distribution (p), as iUustrated by FIGs. SIA and SIB. A progressive current 
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phase distribution (p) causes the main lobe or beam of the antenna array to steer or 
scan to an oblique angle. For example, reconsider the antenna array of FIG. 46, 
where N equals nine. If p„ equals np, then the main beam of the array will scan or 
steer to an angle a according to: 




Eq. 11 



where a is the scan angle relative to the main beam when P equals zero, k is the 
propagation constant, and d is the spacing between the antenna elements. If d equals 
0.65 A and p equals 80 degrees, a equals -20 degrees. This can be seen in FIGs. 5 1 A 
and 5 IB, where the main beam has moved from 0 degrees (in FIG. 51 A) to 340 
degrees (in FIG. 5 IB). Also note that the second main beam at 180 degrees (in FIG. 
5 1 A) has moved to 200 degrees (in FIG. 5 IB), as would be expected. This concept 
can be applied to planar arrays as will be apparent to persons skilled in the relevant 
art(s) given the discussion herein. 

7.3. 2 UFT Module Transmission Phase Characteristics 

As previously described, the UFT module is a very powerM and versatile 
antenna building block. The UFT module can be utilized in antenna array applications 
to frequency translate (including down-conversion and up-conversion) and phase shift 
signals for each individual antenna element in a phased array antenna. Using UFT 
modules, it is possible to simuhaneously frequency translate an antenna signal and 
scan or steer the antenna beam of a phased array antenna. Furthermore, using UFT 
modules, it is possible to produce any desired phase or phase distribution in an 
antenna. 
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For efficient phased array antenna design, it is usefijl to quantify phase 
characteristics for example embodiments of UFT modules. The following discussion 
provides a method for quantifying the transmission phase characteristics of an 
example UFT module for a given LO signal amplitude. 

FIG. 52 is a block diagram of a circuit 5200 that can be used to vary the 
transmission phase ofaEM signal 5201. Circuit 5200 comprises aUFT module 5202, 
a local oscillator 5204, a optional pulse generator 5207, a bias voltage module 5206, 
and a low pass filter 5210. Local oscillator 5204 produces a periodic signal, and the 
amplitude of its output signal is adjustable using the bias voltage module 5206, as 
described herein in section 7.2.1. Preferably, the output of LO 5204 is sinusoidal, 
however other waveforms could be used, such as triangle waves, and square waves. 
A capacitor 5208 is used to isolate local oscillator 5204 fi-om UFT module 5202 and 
bias voltage module 5206. The output of UFT module is passed through a low pass 
filter 5210. The supply voltage, Vcc (not shown), of UFT module 5202 is 5 volts 
DC. 

FIG. 53 illustrates an experimental result of the phase at which the RF input 
signal 5201 (in FIG. 52) is sampled vs. the bias voltage 5206, where the bias voltage 
5206 is steadily increased in a voltage ramp fashion fi-om 0 volts to y^ = 5 volts. The 
phase shift (or phase at which the RF is sampled) is represented by a curve 5304, and 
the bias voltage is represented by a ramp 5302. The phase shift curve 5304 is 
sinusoidal, with a varying frequency over the life of the sine wave and over the ramp 
voltage 5302. These experimental results are for an RF input signal 5301 of 915 
MHZ, and a LO signal 5204 of 91.5 MHZ, so that the LO signal 5203 is the 10th 
subharmonic of the RF input signal 5201. The amplitude of the LO signal 5204 is 
fixed at an amplitude of 1.415 volts peak-to-peak. The phase curve 5304 will be fit 
with an equation to quantify the phase shift for a given bias voltage, given the 
frequency and amplitudes that are mentioned herein. 
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A significant portion of the phase curve 5304 in FIG. 53 can be approximated 
by the following equation; 

^{v,)= a •sin(2-;r -/(vj v, + Eq. 12 

where /(vi)= /? • v, + /„ Eq. 13 

is a linear function of the bias voltage 5302. More specifically, the equations 12 and 
13 are a good approximation for the curve 5304 over a middle portion 5306 of the 
phase curve 5304 . However ,the approximation is becomes less accurate at the edges 
5308a and 5308b of the phase curve 5304. 

In order for equations 12 and 13 to be used in a particular application, it is 
necessary to determine a value for the coefficients p, 4>o» and ^. The term a is a 
function of the amplitude of the RF input signal 5301 and can be ignored for phase 
shift purposes. To determine a value for the other coefficients, it is usefial to combine 
the above equations and rewrite them as: 

4^(v,)=2-;r-p-v,' + 2-;r-/o-v, + <z>o Eq. 14 

where ^(y^) is the argument of the sinusoid. 

Equation 14 is a second order polynomial in the variable v^, with three degrees 
of freedom, where }^(y^) represents the RF phase when the local oscillator 5204 
generates a sinusoidal output. Therefore, if ilr(Vt,) is constrained to three known values 
at three known bias voltages, then the coefficients p, and fo can be determined by 
solving the following system of equations: 
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The solution to the above equation is valid for the particular amplitude of the 
local oscillator signal that was used to generate the sinusoid 5304. Equation 15 can 
be solved three times for three different LO amplitudes to determine the coefficients 
p, (|)o, and f;,. By solving Equation 15 three times for three different LO values and 
using a least squares method for the best data fit, the following three general 
equations are produced for determining the values of the coeflBcients p, <l>o, and fp, 
given an LO amplitude of Pix,: 

/ \ -1.5393 /?,^ ^ 

^Ko)=^^-142-e 'LO Eq.l8 

where Plq is the peak-to-peak voltage amplitude of local oscillator 5204 in FIG 52. 

Equation 14 quantifies the transmission phase of UFT module 5202 in FIG. 
52 for an RF input of 915 MHZ, and aLO of 91.5 MHZ. Thus, for V, = 5 volts, the 
transmission phase can be calculated using Equations 1 5-1 8 for a given amplitude of 
the local oscillator 5204 and a given bias voltage 5206. 

As can be seen in FIG. 53, UFT module 5202 will not produce an output if the 
bias voltage of bias voltage module 5206 is too low or too high. Thus, the above 
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equations are accurate for a particular range of bias voltages. The accurate operating 
range of UFT module 5202 is shown in FIG. 54 as a fiinction of the peak-to-peak 
amplitude of local oscillator 5204. In other words, FIG. 54 plots the available bias 
voltages for the bias voltage module 5206 vs. LO voltage amplitude for the LO 5204. 
The area 5402 represents the viable bias voltages for bias voltage module 5206. 

7.3.3 Exemplary Two-Element Antenna Design Example using UFT 
Modules as Phase Shifters 

The following section describes how to design an example two-element 
phased array antenna using UFT modules and the equations derived in the previous 
section. The example is provided for illustration only, and is not meant to be Umiting. 
Given the discussion that follows, it will become apparent to persons skilled in the 
relevant art(s) how to use the present invention to make phased array antennas having 
two or more elements. These other phased array embodiments that perform frequency 
translation and phase shifting are within the scope and spirit of the present invention. 

FIG. 55 depicts an example circuit 5500 that can be used to illustrate how to 
make a phased array antenna using the present invention. Circuit 5500 comprises a 
power splitter 5501, two UFT modules 5502A and 5502B, a local oscillator 5504, 
and two bias voltage modules 5506A and 5506B. The supply voltage, Vcc (not 
shown), of UFT modules 5502 is 5 volts DC. Two capacitors 5508 are used to 
isolate local oscillator 5504 from UFT modules 5502 and bias voltage modules 5206. 
The output of local oscillator 5504 has a peak-to-peak voltage amplitude of 1 .4 1 5 Vp. 
p and is connected to a 50 ohm termination 5512. The output of each UFT module 
5502 is passed through low pass filters 5510. An RF signal generator 55 14 is used 
to simulate an RF input signal, and the output of UFT modules 5502 are feed to an 
oscilloscope 5516. Two 10 dB attenuator modules 5518 are used to minimize effects 
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of impedance mismatches, if any, between the power sphtter 5501 and the UFT 
modules 5502. 

The desired specifications for the circuit 5500 are as follows: 
Vcc = 5 volts 

Sinusoidal LO amplitude= 1.415 Vp.p 
Frf = 915MHZ 
FiF= 91.5455 MHZ 

Desired Phase Shift = 38 degrees = 0.6632 radians 

The output phases of the two UFT modules 5502 can be independently set by 
their respective bias voltage modules 5506. Adjusting the bias voltage of bias voltage 
module 5506A will either advance or retard the output phase of UFT module 5502A, 
relative to the output phase of the bias voltage module 5502B. Similarly, adjusting 
the bias voltage ofbias voltage module 5 506B will either advance or retard the output 
phase of UFT module 5502B, relative to the output phase of UFT module 5502A. 

For this example two-element antenna design, it is desired that the phase 
difference between the output signals of UFT modules 5502 be 38 degrees or 0.6632 
radians. To determine what bias voltage values will produce this desired result, it is 
necessary to determine the values of p, <i>o, and fo using Equations 16-18, given Plo 
= 1 .415 vohs. Using Equations. 16-18, the coefficients p, <|>o, and fo are calculated 
to be the following: 

4)o(Plo)= -70.907, 
P(Plo)= -1 039, and 
aPLo)= 7.604. 



Inserting these coefficients back into equation 14, results in: 
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T (vj) = 2 • ;r • (- 1.039) -vl + l-n- (7.604) ■ v, - 70.907 Eq. 19 

A bias voltage must be chosen that will correspond to a reference phase. For 
purposes of this example, a reference bias voltage ofYJ2 (or 2.5 volts DC) is 
chosen. The reference phase is determined from equation 19 as follows: 

^^(v, = 2.5)= 2-;t-(-1.039)-Vj' + 2-;t (7.604)-Vj- 70.907= 7.735 radians 

To determine what the voltage value of bias voltage module 5 506 A should be 
to produce a 38 degree shift from the reference phase, it is necessary to add 0.6632 
radians (or 38 degrees) to the reference phase of 7.735 radians, resulting in a desired 
phase of 8.398 radians. Next, Equation 19 is solved for a that corresponds to 8.398 
radians, which resuUs in roots of 2.545 voUs and 4.774 volts. Although Eq. 19 has 
two possible solutions, it can be determined by examining FIG. 54 that 4.774 vohs is 
outside the valid operating range of the UFT modules. Thus, 2.545 volts is the 
preferable solution for Eq. 19 in the example currently being considered. Setting the 
output of bias voltage module 5504A to 2.545 volts should produce a 38 degree 
phase shift in the output of UFT module 5502A with respect to the reference phase 
of XJFT module 5502B. 

FIG. 56 illustrates actual measured phase shift for the circuit 5500 using a 
voltage of 2.545 volts for the bias voltage 5506A, and a voltage of 2.5 volts for the 
bias voltage 5506B. As shown, the output of UFT module 5502A leads the output of 
UFT module 5502B by about 225 nanoseconds, and the period of the signals is about 
2.1985 microseconds. The actual difference in relative phase, therefore, is about 
36.84 degrees, which is within 1.2 degrees of the desired value. Therefore, the 
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calculated phase shift is very close to the actual measured phase shift of example 
circuit 5500. 

If the circuit 5500 were used to construct an actual two-element phased array 
antenna, with the antenna elements spaced about 0.64 X apart, then according to Eq. 
1 1, the main beam of the antenna array would scan to -9.34 degrees. 

The above antenna design was done for a specific set of design conditions, and 
was illustrated for example purposes only. The present invention is not limited to the 
design example that was presented. Other antenna designs could be realized as will 
be apparent to persons skilled in the relevant art(s) given the discussion herein. These 
other antenna designs are within the scope and spirit of the present invention. 

Furthermore, the design method described above and herein will work even 
if a different harmonic is used to down-convert the input RF signal, and even if a 
different power supply voltage is used. Adapting the above example to a different set 
of design conditions involves calculating the appropriate values for the coefficients p, 
cj)o, and fo, as taught herein. Thus, the method and equations described herein teach 
persons skilled in the relevant art(s) how to design and implement many different 
embodiments of the present invention. FIGs. 57A-C illustrate various measured and 
approximated phase fiinctions (based on equations 14-18) for various peak-to-peak 
LO amplitudes. As discussed above, the approximation is best in the middle of the 
phase curves, but falls off at the edges. FIGs, 58A-C illustrate the curve fitting used 
to determine the variables p, (|)o, and f^ vs. LO signal amplitude for the phase 
fiinctions in FIGs 57A-C. 

Furthermore, the design methods and techniques described herein are not the 
only way to design phased antennas using UFT-based phase shifters. There are other 
design methods and techniques that v^U be apparent to those skilled in the arts based 
on the discussions herein. These other design methods and techniques are within the 
scope of the present invention. 
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Furthermore, the design method (or parts thereof) described herein can be 
programmed in a processor, or digital computer. In other words, the equations 
described above could be programmed in a digital computer. Therefore, given an 
input that represents a desired antenna beam angle, a computer performs the 
calculations in equations 14-18 to determine the bias voltage that will produce the 
element phase shift necessary to steer the antenna beam to the desired angle. As such, 
referring back to circuit 5200 (FIG. 52), the bias voltage 5206 can be controlled by 
a controller/processor 5212, as shown in FIG. 1 19. 

FIG. 59 illustrates an example two-element receive antenna array 5900 having 
a corresponding main beam 5912 according to the present invention. Antenna array 
5900 comprises two antenna elements 5902, UFT modules 5904, a local oscillator 
module 5906, two bias voltage modules 5908, and a summing module 5910. Based 
on the discussion above, the UFT modules 5904 can be utilized to down-convert the 
signals received by the antennas 5902. Additionally and based on the discussions 
above, the UFT modules 5904 can be used to introduce a relative phase-shift in the 
signals received by the antennas 5902, where the relative phase shift is controlled by 
the relative bias voltage that is produced by the bias voltage modules 5908. As such, 
a change in the relative bias voltage that controls the UFT modules 5904 causes the 
antenna main beam 5912 to steer oflFboresight to a desired angle. 

7.3.4 Phased Array Antenna Embodiments including 2-D 
Antenna Arrays 

As described herein, UFT modules can be utilized in antenna array applications 
to frequency translate (including down-conversion andup-conversion) and phase shift 
signals for each individual antenna element in a phased array antenna. When the phase 
of the excitation current of each of the antenna elements in an antenna array is 
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intelligently altered, the main beam of the antenna array is electronically steered. 

FIG, 60 illustrates an embodiment 6000 of the present invention that 
comprises two UFT modules 6002A and 6002B. In this embodiment, the output 
phases of the UFT modules 6002A and 6002B are individually adjusted by changing 
the bias voltage applied to the local oscillator port or clock port of UFT modules 
6002A and 6002B, using bias vohage modules 6004A and 6004B. As shown in FIG. 
6 1 A, when the output vohages of bias voltage modules 6004A and 6004B are equal, 
the output signals of UFT modules 6002A and 6002B are in phase. When the output 
voltages of bias voltage modules 6004 A and 6004B are not equal, the output signals 
of UFT modules 6002 A and 6002B are phase-shifted with respect to each other, as 
shown in FIG. 6 IB. 

The present invention can also be used to implement a linear phased array 
antenna 6200 that comprise N radiating antenna elements 6202 A-N, as illustrated in 
FIG. 62. In an embodiment of the present invention, feed network 6204 of linear 
phased array antenna 6200 comprises N feed circuits 6206A-N. Each feed circuit 
6206 is similar to circuit 5200 in FIG. 52 (or any of the other frequency 
translation/phase-shifter circuits discussed herein), which performs integrated down- 
conversion and phase shifting using a UFT module. As such, the phase of each 
element 6202 is controlled by the relative bias voltage 5206 as described in detail 
above. In other words, the phase of each element 6202 is varied by changing the 
corresponding bias voltage 5206 in circuit 5200. By changing the phase of each 
element 6202, a corresponding main beam 6208 is scanned or steered in the x-plane, 
which contains the array itself Scanning of the antenna beam 6208 is further 
illustrated in FIGs. 63 A and 63B that are described below. 

FIG. 63A illustrates the radiation pattern for a hnear phased array antenna 
6200 for the case where N equals six and the output of each feed circuit 6206 A-N is 
in phase. As can be seen in FIG. 63 A, the main beam 6208 of the linear phased array 
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antenna 6200 is at an angle of zero degrees, or broadside to the array, when the 
outputs of the feed circuits 6206 are in phase. 

FIG. 63B shows the radiation pattern for a linear phased array antenna 6200 
for the case where N equals six and the output of feed circuits 6206 are incrementally 
shifted, resulting in a main beam 6208 that is scanned off boresight, to approximately 
-20 degrees. 

As would be apparent to persons skilled in the relevant art(s) given the 
discussion herein, embodiments of linear phased array antenna 6200 are contemplated 
wherein the number of radiating antenna elements and feed circuits are more than 6, 
and wherein the number of radiating antenna elements and feed circuit are less than 
6. 

Embodiments of linear phased array antenna 6200 are also contemplated that 
use feed circuits other than one similar to circuit 5200. Any of the various methods 
and circuits described herein to vary the output phase of a UFT module, and their 
equivalents, can be used to implement the feed circuits 6502 in the linear phased array 
antenna 6200. These embodiments include the frequency translator/phase shifter 
modules 2602, 3304, and 3604 that are shown in FIGs. 26A, 33A, and 36, 
respectively. Additionally down-converter/phase shifter modules 3104 (FIG. 31 A), 
3404 (FIG. 34A), and 3704 (FIG, 37) can be used as feed elements for phased arrays 
that are operating in receive mode. Additionally, up-converter/phase-shifter 3204 
(FIG. 32A), 3404 (FIG. 34A), and 3804 (FIG. 38) can be used as feed elements for 
phased arrays that are operating in transmit mode. 

FIG, 64 illustrates an MxN antenna array 6400 embodiment of the present 
invention. This embodiment of the present invention can be implemented using M 
linear phased array antennas similar to linear phased array antenna 6200. Feed 
network 6402 can be implemented by controlling MxN individual feed circuit 6502 
that operate in parallel, as shown in FIG. 65 A. Alternatively, feed network 6402 can 



-120- 



be implemented by controlling M input feeds circuit 6502 to N feed networks 6504 
similar to feed network 6204, as shown in FIG. 65B. The feed network shown in FIG 
65A allows greater control of the individual excitation currents for each of the 
radiating antenna elements while the feed circuit shown in FIG 65B is simpler to 
implement. In embodiments, the feed circuits 6502 are implemented according to the 
feed circuit 5200 that is shown in FIG. 52. 

FIGs. 66 A and 66B show an example radiation pattern for a 6x6 antenna array 
similar to array 6400. FIG. 66A shows the radiation pattern for the case where the 
signals fed to all of the radiating elements are in-phase. FIG. 66B shows the radiation 
pattern for a case were the main beam of the antenna array has been scanned or 
steered by intelligently varying the excitation currents to the radiating elements of the 
antenna array. 

As would be apparent to persons skilled in the relevant art(s) given the 
discussion herein, embodiments ofMxN array antenna 6400 are contemplated wherein 
the number of radiating antenna elements and feed circuits is more than 36 and 
wherein the number of radiating antenna elements and feed circuits is less than 36. 
Any of the various methods and circuits described herein to vary the output phase of 
a UFT module, and their equivalents, can be used to implement the feed circuits 6502 
MxN array antenna 6400. These embodiments include the frequency translator/phase 
shifter modules 2602, 3304, and 3604 that are shown in FIGs. 26, 33, and 26 
respectively. 

As described herein, UFT modules can be used for both down-conversion and 
up-conversion of electromagnetic energy signals. For example, RF signals can be 
down-converted to IF signals or baseband signals. Additionally, baseband signals or 
IF signals can be up-converted to RF signals. Thus the present invention can be 
applied to produce either a receiving antenna array or a transmitting antenna array. 
As such, the feed circuits 6502 can be implemented with down-converter/phase shifter 
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modules 3 104, 3404, and 3704 that are shown in FIGs. 3 1, 34, and 27, respectively, 
for phased arrays that are operating in receive mode. Additionally, the feed circuits 
6502 can be implemented as up-converter/phase-shifter modules 3204, 3505, and 
3804 that are shown in FIGs. 32, 35, and 38, respectively, for phased arrays that are 
operating in transmit mode. 

FIG. 67A shows an embodiment of a two-element receiving antenna array 

6702. Receive antenna array 6702 includes: elements 6701a,b; UFT modules 
6706a,b; bias voltage modules 6708a,b; LO 6705, and summer 6703. Antenna 
elements 6701a,b receive the signal 6704 at an angle a at two locations as shown, 
resulting in received signals 6704a,b that are phase shifted with respect to each other. 
UFT modules 6706a,b down-convert and phase shift the signals 6704a,b, where the 
relative phase introduced by each UFT module 6706 is dependant on the 
corresponding bias voltage module 6708, as described above. Therefore, any relative 
phase shift between the signals 6704a and 6704b (as a result of the angle of arrival) 
can be compensated for by adjusting the relative bias voltages 6708a and 6708b. In 
other words, UFT module 6706b (or the UFT module 6706a) can be biased to 
implement a relative phase shift during down-conversion that compensates for any 
phase shift between the signals 6704a and 6704b. Therefore, the resulting down- 
converted signals 6710a and 6710b are in-phase when added together by the summer 

6703, and the output signal 67 12 is enhanced to a maximum value. When the output 
signal 67 12 is at a maximum then the main beam of the antenna 6702 is steered to the 
angle cc, so as to be aligned with the incoming signal 6704. 

FIG. 67B shows an embodiment for a two-element transmitting antenna array 
6714 that is the reciprocal of the receive antenna 6702. Antenna array 6714 up- 
converts and transmits an input signal 6720, resulting in a transmitted signal 6716 that 
is transmitted at an angle a, as shown. Because of the principle of reciprocity, a 
receiving antenna array can also be used as a transmitting antenna with minor 
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adjustments, as would be known to persons skilled in the relevant art(s). As shown, 
the difference between receive array 6702 and transmit array 6714 is that the summing 
module 6703 (in receive array 6702) has been replaced by a power splitter module 
6718 (in transmit array 6714), where the power splitter 6718 receives the baseband 
input 6720. In embodiments, the power splitter 67 1 8 and the summer 6703 can be the 
same component. In other embodiments, they can be different components. 

In sections 7.2. 1-7.2.3, the frequency translation/phase-shifting embodiments 
of the invention incorporate a pulse generator in addition to a UFT module. In section 
7.2.4, the frequency translation/phase-shifter embodiments of the invention do not 
include a pulse generator. Antenna configurations 6702 (FIG. 67 A) and 6714 (FIG. 
67B) do not explicitly illustrate a pulse generator, for ease of illustration. However, 
in embodiments, pulse generator(s) could be incorporated with the UFT modules in 
antenna configurations 6702 and 6714 to control switching of the UFT module(s) (as 
seen in Figures 67C and 67D). More generally, all of the antenna configurations 
described herein can utilize any of the frequency translation/phase-shifter 
embodiments described herein (and their equivalents), including frequency 
translation/phase-shifter embodiments that incorporate (and do not incorporate) pulse 
generators. 

FIG. 67C illustrates receive antenna 6722 having pulse generators 6724a and 
6724b to control the UFT modules 6706a and 6706b, respectively. 

FIG. 67D illustrates transmit antenna 6726 having pulse generators 6724a and 
6724b to control the UFT modules 6706a and 6706b, respectively. 

FIG. 68A depicts a transmit/receive antenna array 6800 according to an 
embodiment of the present invention that has a steerable main beam. Antenna array 
6800 is capable of both receiving and transmitting electromagnetic signals. Antenna 
array 6800 comprises two antenna elements 6802A and 6802B, four UFT modules 
6804A-D, two bias voltage modules 6806A and 6806B, a local oscillator module 
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6808, a summing module 6810, and apower splitter module 6812. Antenna elements 
6802 are selectively coupled to UFT modules 6804 using T/R switches 6814. 

In receive mode, switches 6814A and 6814B are positioned so that the 
antenna elements 6802A and 6802B are connected to the UFT modules 6804B and 
6804C, respectively. When in this configuration, antenna array 6800 functions similar 
to antenna array 6702. 

In transmit mode, switches 6814A and 6814B are positioned so that the 
antenna element 6802A and antenna element 6802B are connected to the UFT 
module 6804A and the UFT module 6804D, respectively. When in this configuration, 
antenna array 6800 fimctions similar to antenna array 6714. 

Bias voltage modules 6806 are preferably digital control devices. Digital 
control devices provide an appropriate bias voltage based on a digital input, and can 
be computer controlled. FIG. 68B illustrates digital control devices 6814 that are 
controlled by a controller 6816. In embodiments, the digital control devices 6814 
include but are not limited to: digitally controlled voltage supplies, digital-to-analog 
converters, and other devices and equivalents that are known to those skilled in the 
arts based on the discussion herein. In embodiments, the controller 6816 is a 
programable computer/processor, including a microprocessor. 

In alternate embodiments, the digital control device 6806 is a microprocessor 
6818 and a low pass filter 6820, as shown in FIG, 68C. The microprocessor 6818 is 
programed to generate a square wave that is filtered by the low pass filter 6820. The 
result is a bias voltage 6822 having an amplitude that varies according to the duty 
cycle of the square wave 6819. More specifically, the amplitude rises or falls in 
proportion to the duty cycle. As such, the duty cycle can be used to vary the 
amplitude of the bias voltage 6822, and therefore level shift; the appropriate LO signal. 

By using digital control devices 6814 in array 6800, any phase discrepancy 
between the transmit and receive paths can be electronically tunned out. This can 
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occur because phase control is achieved by simply controlling the voltage at the UFT 
module's local oscillator or clock input port. Thus, manual phase alignment is 
eliminated. Additionally, the local oscillator 6808 is isolated from the RF signal so that 
phase control is implemented using the large magnitude signal LO signal, instead of 
the smaller magnitude RF signal. In other words, the phase control is done at the LO 
signal input, and is independent of RF signal amplitude. This eliminates the need to 
create wide dynamic range, low noise phase shifting circuitry. Furthermore, digital 
control devices 6814 allow the main antenna beam to be steered instantaneously, as 
desired. Other advantages of antenna array 6800 will be apparent to persons skilled 
in the relevant art(s) given the description herein. 

As would be apparent to persons skilled in the relevant art(s) given the 
discussion herein, embodiments of array antenna 6800 are contemplated wherein the 
number of antenna elements and feed circuits is more than two. Furthermore, any of 
the various methods and circuits described herein that vary the output phase of a UFT 
module, can be used to implement array antenna 6800. This includes the frequency 
translator/phase shifter modules 2602, 3304, and 3604 that are shown in FIGs. 26 A, 
33A, and 36, respectively. Additionally, the down-converter/phase shifter modules 
3 104, 3404, and 3704 that are shown in FIGs. 3 1 A, 34A, and 37, respectively, could 
be utilized in the receive mode. Additionally, the up-converter/phase-shifter modules 
3204, 3504, and 3804 that are shown in FIGs. 32A, 35A, and 38, respectively, could 
be utilized in the transmit mode. 

FIG. 69 depicts an exemplary radiation pattern for an example two-element 
antenna array according to the present invention. As can be seen in FIG. 69, the 
radiation pattern of an antenna array comprises both lobes and nulls. A lobe is shown 
in FIG. 69 at about 15 degrees and a null is shown at about -20 degrees. When the 
radiation pattern of an antenna array is steered, both the lobes and the nulls are 
steered. Thus, it is possible to align a receiving null with transmissions originating 
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from an undesirable direction such as a multipath direction or the direction of a 
jamming transmitter. Conversely, transmitting nulls can be aligned with directions 
that may interfere with other receivers. In FIG. 69, the main beam of the antenna has 
been steered to 1 5 degrees, the desired signal's direction, while a null has been steered 
to -20 degrees, the direction of an undesired signal's origin. 

7.3. 5 Generating Elliptical and Circular Polarization Using UFT 
Modules 

The present invention is very versatile. For example, by properly orienting the 
antenna elements of antenna array 6800, the present invention can be used make an 
antenna 7000 that can transmit and receive circularly polarized waves. Circularly 
polarized waves are used in many communication systems. Furthermore, because the 
present inventions is so versatile, the same topology that is used to transmit/receive 
circularly polarized waves can also be used to transmit/receive linear polarized waves. 
As can be seen in FIG. 70, antenna 7000 uses linearly polarized, orthogonal antenna 
elements or elements with orthogonal feed points in order to transmit and receive 
circularly polarized waves. Antenna 7000 is capable of transmitting and receiving 
right-hand circularly polarized waves, left-hand circularly polarized waves, and 
linearly polarized waves. 

FIG. 71 is a more detailed diagram of antenna 7000 according to an 
embodiment of the present invention. The circuitry of antenna 7000 is similar to the 
circuitry described above for antenna array 6800. In order to transmit and receive 
circularly polarized waves, bias voltages modules 7 1 02 of antenna 7000 are set so that 
a 90 degree phase shift is maintained between UFT modules 7104 and 7106. The 
determination of the bias voltage according to embodiments of the invention for a 
given phase shift is described herein. As would be apparent to persons skilled in the 
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relevant art(s) given the discussion herein, other embodiments of antenna 7000 are 
contemplated, which use the various methods and circuits described herein, and their 
equivalents, to vary the output phases of the UFT modules. 

As will be known to persons skilled in the relevant art(s), differences in the 
circuitry of an antenna may cause polarized waves to be produced that are not purely 
circular. Such waves are called elliptically polarized waves. FIG. 72 shows an ellipse 
that can be thought of as representing an elliptically polarized wave. A truly circular 
polarized wave has an axial ratio equal to one. Referring to FIG. 72, axial ratio means 
the ratio of the length of line segment AB to the length of line segment CD. 

AB 

Axial Ratio = — — 
CD 

The circuitry of antenna 7000 can compensate for any phase errors in the feed 
network of antenna 7000, as illustrated in FIG. 73, thereby eliminating or significantly 
reducing the effect of the phase errors that can cause elliptically polarized waves to 
be produced. As will be apparent to persons skilled in the relevant art(s) given the 
description herein, the output phase of the UFT modules of antenna 7000 can be 
adjusted to compensate for any errors by simply adjusting the Output of the bias 
voltage modules. 

Z 3. 6 Intelligent Adaptive Beam Forming using UFT Modules 

FIG. 74 illustrates a phased array system 7400 that has adaptive beam forming 
according to an embodiment of the invention. Antenna 7400 is capable of steering the 
corresponding antenna beam 7426 toward an incoming signal so that better signal 
reception is achieved. Phased array system 7400 is depicted as a two element antenna 
system, however n-number of elements could be used. Furthermore, multiple 
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dimensional arrays could be implemented. For example, arrays having MxN antenna 
elements can be implemented as will be understood by those skilled in the relevant 
arts. 

Phased array system 7400 includes: antenna elements 7401, 7402; optional 
amplifiers 7404, 7423; down-converter 7405 having pulse generator 7408 and UFT 
modules 7406; down converter/phase shifter 7415 having delay element 7412, pulse 
generator 7414, andUFT module 7416; oscillator 74 10; summer 7418; detector 7420; 
and controller 7424. The operation of the adaptive beam forming properties for the 
phased array system 7400 are described in receive/down-conversion mode. However, 
the discussion is applicable to up-conversion as will be understood by those skilled in 
the relevant arts. 

Antenna elements 7401 and 7402 receive a signal 7424 that has an angle of 
arrival angle 7425, The signal 7424 is assumed to be a plane wave and is received by 
both antenna elements 7401 and 7402. The signal 7424 is optionally amplified by 
amplifiers 7404 and 7423 to generate signals 7407 and 7413, respectively. 

Down-converter 7405 down-converts the signal 7407 according to a LO 
signal 7409 that drives the pulse generator 7408, resulting in a down-converted signal 
7417. Down-conversion using a UFT module that is driven by a pulse generator has 
been described herein, to which the reader is referred for more details. 

Down-converter/phase shifter 74 1 5 down-converts and phase shifts the signal 
7413 according to the LO signal 7409 that drives the delay element 7412, resulting 
in an IF signal 7419. Dovm-conversion and phase shifting using a UFT module has 
been described herein, to which the reader is referred for more detail. As described 
herein, the delay element 7412 implements a desired phase shift in the IF signal 7419 
by shifting the pulses that are generated by the pulse generator 7414. The delay 
element 7412 can be implemented using any one of the delay 
configurations/approaches that were discussed earlier herein including: changing the 
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DC bias of the local oscillator (LO) signal 7409, delaying the LO signal 7409, and 
changing the shape of the LO signal 7409, as well as others that will be apparent 
based on the teachings herein. 

Summer 74 1 8 sums the two IF signals 74 1 7 and 74 1 9, resulting in a combined 
signal 7421, 

Detector 7420 detects the signal 7421, resulting in a detected output signal 
7422. The detector 7420 produces a maximum signal strength for output signal 7422 
when the antenna beam 7426 is aligned with the incoming signal 7424, which occurs 
at an angle 7425 as shown. If the antenna beam 7426 is not aligned with the incoming 
signal 7424, then the detector 7420 will not produce a maximum signal. This is fiirther 
represented by FIG. 75, and is discussed below. 

FIG. 75 illustrates the amplitude of the detected output signal 7422 vs. relative 
beam angle. When the antenna beam is pointed directly at the incoming signal 7424 
so that the relative beam angle (between the antenna beam and the incident signal) is 
0 degrees, then the detector 7420 produces a maximum signal. Maximum signal 
strength is represented by peak 7502 in FIG. 75. However, if the antenna beam not 
aligned with the incoming signal 7424, then the signal strength falls off, as represented 
by ampUtude 7504. 

During operation, it may be necessary to align the beam 7426 with the angle 
of the incoming signal 7424, in order to produce the peak signal amplitude. For 
example, if the antenna beam 7426 is at boresight and the incident signal is arriving 
at angle of 7425, then the antenna beam 7426 should be steered toward the incident 
signal to produce the maximum signal strength. In order to do so, the controller 7424 
adjusts the delay 74 1 2 of the dovm-converter/phase shifter 74 1 5 to implement a phase 
between the antenna elements 7401 and 7402, and thereby steer the antenna beam to 
the proper angle. However, the controller 7424 cannot tell which way to steer the 
beam given only on the detected signal 7422. In other words, the controller 7424 
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cannot tell what side of the peak 7502, the antenna beam 7426 is located. Therefore, 
in one embodiment, a feedback based trial and error methodology is used. More 
specifically, the controller 7424 increments the delay 7412 so that the beam 7426 is 
steered in one direction or other. If the amplitude of detected signal 7422 increases 
and moves toward the peak 7502 (in FIG. 75), then the antenna beam 7426 is being 
steered in the right direction toward the incoming signal. If the amplitude of the 
detected signal 7422 drops in amplitude and moves away fi-om the peak 7502, then 
the antenna beam is being steered in the wrong direction, and the direction of beam 
steer should be reversed. 

FIG. 76 illustrates an example antenna system 7600 that has an improved 
control system over that of antenna system 7600. Antenna system 7600 has an 
improved control system because a sum channel and a difference channel are utilized. 
The sum channel is implemented by the summer 7418 and sums the down-converted 
signals 7417 and 7419, as in FIG. 74, to generate an output signal 7606. The 
difference channel is implemented by a subtractor 7602 that subtracts the down- 
converted signals 74 1 7 and 74 1 9 fi^om each other, resulting in a difference signal 7604 
that is used to peak up the antenna beam 7426 with the incident signal 7624. The 
utilization of a difference channel (in addition to) a sum channel improves the control 
system because the sign of the difference signal 7604 indicates which way the beam 
should be steered once the system is calibrated. Hence, the controller 7424 can adjust 
the delay of the delay module 7412 to implement the requisite phase shift and steer 
the antenna beam to a desired angle, without using trial and error. 

FIG. 77 illustrates an example phased array antenna system 7700 where two 
antenna beams are generated simultaneously. Beam 7706a is at boresight, and beam 
7706b is steered off at an angle as determined by the delays 7704a-n. The output for 
the beam 7706a is taken fi-om the summer 7702a, and the output for the beam 7706b 
is taken fi'om the summer 7702b. The antenna system 7700 can be expanded to any 
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number of antenna beams that are generated simultaneously by adding additional UFT 
modules, delays 7704, and summers 7702. 

The control systems/methodologies discussed herein, as well as others that 
will be apparent based on the teachings herein, can be used with any of the 
embodiments discussed herein, and their equivalents. 

73. 7 Example Antenna Applications using UFT Modules for 
Integrated Frequency Translation and Phase Shifting 

This section describes several antenna applications of the present invention. 
As described herein, the UFT module can be configured to perform frequency 
translation and phase shifting in an integrated manner. This makes the UFT module 
a very powerful and versatile antenna building block. As described herein, it is 
possible to make adaptable antennas or antennas with steerable beams. 

One appUcation for the present invention, i.e., the antenna embodiments 
described above, is to track a moving transmitter such as a cell phone user. This 
embodiment of the present invention is illustrated in FIGs. 80A and SOB. In FIG. 
80A, a cell phone user is depicted close to a cell phone tower that has an steerable 
antenna array mounted on it. The steerable antenna array is one of the antenna 
embodiments of the present invention described above. Since the cell phone user is 
close to the cell phone tower, a control loop in the circuitry of the antenna 
intelligently adjusts the output phases of the UFT modules to steer the beam of the 
antenna towards the cell phone user. As can be seen in FIG. 80 A, the main beam of 
the antenna is pointed downward towards the cell phone user. In FIG. SOB, the cell 
phone user has moved away from the cell phone tower. In this instance, the main 
beam of the antenna is shown as having been steered upward to track the cell phone 
user as he moved away from the tower. 
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As would be apparent to persons skilled in the relevant art(s), the antenna of 
FIGs. 80 A and SOB is highly desirable because it can track a cell phone user. Because 
the antenna's beam tracks the cell phone user, the cell phone can transmit a lower 
power signal than would be required if the antenna' s beam did not track the cell phone 
user. Furthermore, the nulls of the antenna's beam prevent other transmitters in the 
area from interfering with the antenna's reception of the tracked cell phone user. 
Also, this embodiment of the invention makes it possible to determine the general 
position/location of the cell phone user. 

As will be known to persons skilled in the relevant art(s), the antenna 
embodiment of the present invention can significantly increase the capacity of a 
cellular system. FIGs. 81-83 show a hypothetical typical sector loading for two cell 
phone towers in Sah Lake City, Utah. These two cell phone towers are designated 
as the North Tower and the South Tower. As depicted in FIGs. 81-83, the North 
Tower and the South Tower each mount three antennas which are not adaptable. 
These antennas are each capable of transmitting and receiving cell phone signals in 
only one of the areas identified as sectors A, B, and C. Since the antennas depicted 
in FIGs. 8 1-83 are not adaptable, the width of the sectors A, B, and C are fixed. The 
maximum number of cell phone calls that can be simultaneously handled by each 
antenna is 160. 

FIG. 81 shows the sector loading for the North Tower and the South Tower 
at about 7:00 AM. As can be see in FIG. 81, sector B of the South Tower is 
operating at its capacity of 160 calls while sectors A and C are operating at about 80 
calls each. Any users trying to initiate a call in sector C of the South Tower v^U not 
be able to get through. Sector B of the North Tower is also operating near its total 
capacity of 160 calls, while sector A of the North Tower is handling only about 20 
calls. 
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FIG. 82 shows the loading on the North Tower and South Tower at about 
1:00 PM. FIG. 82 illustrates the fact that the antenna for sector A of the North 
Tower is now the antenna that is handling the largest number of cell phone calls. As 
can be seen by comparing FIGs. 81 and 82, the loading of the sectors changes 
significantly between 7:00 AM and 1 :00 PM. 

FIG. 83 shows the loading on the North Tower and the South Tower at about 
5 :00 PM. As can be seen in FIG. 83, sector B of both the North Tower and the South 
Tower are operating at capacity, while the other sectors are operating below their 
capacity. 

In order to increase the capacity of the cellular system depicted in FIGs. 81- 
83, it is highly desirable to be able to change the width of sectors A, B, and C of the 
North and South Towers in response to the instantaneous loading of the sectors. 
Ideally, the width of the various sectors should be adjusted so that each sector 
contained about the same number of active cell phone users. This would ensure that 
there was additional capacity in every sector so that a new user in any sector could 
initiate a call. As would be apparent to a person skilled in the relevant art(s) given the 
description herein, it is possible to implement such a cellular system by using the 
antenna embodiment of the present invention, as described herein. 

FIG. 84 shows how a cellular system using the present invention would adjust 
the sector coverage of its antennas in response to the cell phone activity depicted in 
FIG. 81. As can be seen in FIG. 84, the width of sectors A and C of both the North 
Tower and the South Tower have been increased while the width of sectors B have 
been decreased. This change in the width of the sectors has balanced the loading of 
all the sectors, thereby ensuring that a new user in any sector can initiate a call. FIGs. 
85 and 86 also show how a cellular system using the present invention would adjust 
the sector coverage of its antennas in response to the cell phone activity depicted in 
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FIGs. 82 and 83, respectively. This embodiment of the present invention is show 
more clearly in FIGs. 87A and 87B. 

Using antenna embodiments of the present invention and known signal 
processing techniques, it is possible to produce an antenna that has, for example and 
without limitation, five steerable main beams. FIGs. 87A and 87B illustrate how an 
antenna having five main beams can be steered to achieve different effective array 
beam widths. In FIG. 87 A, the five main beams are steered so that there is not much 
overlap in the beams. This radiation pattern of the antenna provides a wide sector of 
coverage. In FIG. 87B, however, the five main beams have been steered so that there 
is a significant amount of overlap in the beams. This radiation pattern of the antenna 
provides a narrow sector of coverage. As can be seen in FIGs. 87A and 87B, the 
antenna embodiments of the present invention are well suited to the cell phone 
application described above with regard to FIGs. 81-86. It is noted that the invention 
is not limited to the embodiments shown in FIGs. 87A-87B. 

FIG. 88 shows an antenna embodiment 8800 of the present invention being 
used to simultaneously track multiple moving transmitters, such as those on an 
airplane. Using signal processing techniques, antenna embodiments of the present 
invention can be made, which have many main beans that can be simultaneously and 
independently pointed in different directions. In this embodiment, and others, signal 
processing techniques and control loops are used to adjust the phase of UFT modules 
in order to steer in the main beams of an antenna. FIG. 88 depicts antenna 8800 as 
having two main beams 8802A and 8802B. Main beam 8802A is used to track a 
transmitter on airplane 8804A, while main beam 8802B is used to simultaneously 
track a transmitter on airplane 8804B. As would be apparent to persons skilled in the 
relevant art(s) given the discussion herein, embodiments of antenna 8800 are 
contemplated that have more than two main beams. 
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FIG. 89 shows a steerable antenna array according to the present invention 
being used as a collision avoidance system 8900. In this embodiment of the invention, 
an antenna beam 8902 is used to scan for objects in front of a vehicle 8904 to look for 
objects that may block the path of vehicle 8904. When an object that could block the 
path of vehicle 8904 is detected by collision avoidance system 8900, vehicle 8904 is 
automatically stopped by colUsion avoidance system 8900 (or some other action is 
taken.) 

FIG. 90 depicts a two element phased array antenna 9000 that can be used to 
down-convert a 91 5 MHZ carrier to 455 kHz. Phased array antenna 9000 comprises 
two antenna elements 9002A and 9002B, two UFT modules 9008A and 9008B, two 
bias voltage modules 9010A and 9010B, a crystal oscillator 9012 and a summing 
amplifier 9016. A signal received by antenna element 9002 A is feed through a low 
noise amplifier 9004 and a band pass filter 9006 to UFT module 9008A. A signal 
received by antenna element 9002B is fed through a low noise amplifier 9004 and a 
band pass filter 9006 to UFT module 9008B. Crystal oscillator 9012 produces a 
frequency of 91 .5455 MHZ. Thus, as described herein, the 10* harmonic of the LO 
is used to down-convert the received signal. The down-converted signals from both 
UFT modules 9008A and 9008B are feed through bandpass filters 9014 to summing 
amplifier 9016. Summing amplifier 9016 combines the output signals from UFT 
modules 9008A and 9008B. The output of summing amplifier 9016 is feed through 
a band pass filter 9018 to an isolation'bufiFer amplifier 9020. The output of 
isolation/buffer amplifier 9020 is the desired down-converted signal. In an 
embodiment of the phased array antenna 9000, bias voltage modules 901 OA and 
901 OB are pulse width modulated using field programmable gate arrays that have 
been lowpass filtered. A low cost embodiment of phased array antenna 9000 can be 
implemented using potentiometers for bias control modules 90 1 OA and 90 1 OB . This 
is illustrated in FIG. 90B with potentiometers 9022a and 9022b. 
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Based on the design methods described herein, the radiation pattern for phased 
array antenna 9000 was calculated and compared against measured results obtained 
using an outdoor antenna range. FIGs. 91 A-D illustrate the measured vs. predicted 
performance of the antenna 9000, at various scan angles. FIG. 91 A shows the 
calculated and measured radiation pattern for phased array antenna 9000, using 
commercial potentiometers for bias control modules 901 OA and 901 OB, at a 0 degree 
scan angle. FIG. 9 IB shows the calculated and measured radiation pattern for phased 
array antenna 9000 at a - 1 5 degree scan angle. As can be seen in these figures, there 
is good agreement between the calculated and measured values. FIG. 91C shows the 
calculated and measured radiation pattern for phased array antenna 9000 at a 40 
degree scan angle. Finally, FIG. 9 ID shows the calculated and measured radiation 
pattern for phased array antenna 9000 at a 15 degree scan angle. The results 
illustrated in FIGs. 91 A-D demonstrate that the phased array antennas of the present 
invention perform according to the teaching contained herein. 

8.0 Conclusion 

Example implementations of the systems and components of the invention 
have been described herein. As noted elsewhere, these example implementations have 
been described for illustrative purposes only, and are not limiting. Other 
implementation embodiments are possible and covered by the invention, such as but 
not limited to software and software/hardware implementations of the systems and 
components of the invention. Such implementation embodiments will be apparent to 
persons skilled in the relevant art(s) based on the teachings contained herein. 

While various application embodiments of the present invention have been 
described above, it should be understood that they have been presented by way of 
example only, and not limitation. Thus, the breadth and scope of the present 
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invention should not be limited by any of the above-described exemplary 
embodiments. 
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What is Claimed Is: 



1 1 . A method of frequency translating and phase shifting an electromagnetic (EM) 

2 signal, the method comprising the steps of: 

3 (1) receiving an EM input signal; 

4 (2) generating a control signal having a plurality of pulses that are phase- 

5 shifted relative to a reference phase; and 

6 (3) sampling the EM signal according to said control signal, resulting in 

7 a frequency translated EM signal that is phase shifted according to said phase shift of 

8 ^ said pulses of said control signal; 

9 a wherein said plurality of pulses have pulse widths sufficient to transfer non- 
1 0 m negligible amounts of energy from the EM signal to the frequency translated signal. 

1 ill 2. The method of claim 1, fiirther comprising the step of 

2 ' (4) varying said phase shift of said pulses of said control signal, and 

3 S thereby changing said phase shift of said frequency translated signal. 

1 p 3 . The method of claim 1, wherein step (2) comprises the steps of 

2 ^ (a) receiving a LO signal; 

3 (b) leveling shifting said LO signal with a bias voltage, resulting in a biased 

4 LO signal; and 

5 (c) generating a pulse when said biased LO signal exceeds a threshold, 

6 whereby said reference phase corresponds to a reference bias voltage, and thereby 

7 said phase shift of said pulses of said control signal is determined by a difference 

8 between said bias voltage and said reference bias voltage. 

1 4. The method of claim 3, fiirther comprising the step of 
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(4) varying said bias voltage, and thereby varying said phase shift of said 
pulses in said control signal relative to said reference phase, and thereby varying said 
phase shift of said fi*equency translated EM signal. 

5. The method of claim 1, wherein step (2) comprises the steps of 

(a) receiving a LO signal; 

(b) delaying said LO signal according to a delay, resulting in a delayed LO 
signal; and 

(c) generating a pulse when said delayed LO signal exceeds a threshold, 
whereby said reference phase corresponds to a reference delay, and thereby said phase 
shift of said pulses of said control signal is determined by a diflFerence between said 
delay and said reference delay. 

6. The method of claim 5, further comprising the step of 

(4) varying said delay, and thereby varying said phase shift of said control 
signal relative to said reference phase, and thereby varying said phase shift of said 
fi-equency translated EM signal. 

7. The method of claim 1, wherein step (2) comprises the steps of 

(a) receiving a LO signal having a first signal shape; 

(b) changing said first signal shape of said LO signal to a second signal 
shape, resulting in a shaped LO signal; and 

(c) generating a pulse when said shaped LO signal exceeds a threshold, 
whereby said reference phase corresponds to a reference signal shape, and thereby 
said phase shift of said control signal is determined by a difference between said 
shaped LO signal and said reference signal shape. 
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1 8. A method of down-converting and phase shifting an EM signal, the method 

2 comprising the steps of: 

3 ( 1 ) receiving an EM input signal; 

4 (2) generating a control signal having a plurality of pulses that are phase- 

5 shifted relative to a reference phase; 

6 (3) sampling the EM signal according to said control signal, resulting in 

7 undersamples that are phase shifted according to said phase shift of said pulses of said 

8 control signal; and 

9 (4) integrating successive undersamples, resulting in a down-converted 

10 PI output signal that is phase shifted according to said pulses of said control signal; 

1 1 wherein said plurality of pulses have pulse widths sufficient to transfer non- 

1 2 Ji negligible amounts of energy from the EM input signal to said down-converted signal. 

1 W 9. The method of claim 8, wherein step (3) of sampling comprises the step of 

2 transferring energy from said EM signal at an aliasing rate determined by said control 

3 fS signal. 

1 O 10. The method of claim 8, wherein step (2) comprises the steps of 

2 (a) receiving a LO signal; 

3 (b) leveling shifting said LO signal with a bias voltage, resulting in a biased 

4 LO signal; and 

5 (c) generating a pulse of said control signal when said biased LO signal 

6 exceeds a threshold, whereby said reference phase of said control signal corresponds 

7 to a reference bias voltage, and thereby said phase shift of said pulses in said control 

8 signal is determined by a difference between said bias vohage and said reference bias 

9 voltage. 
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1 1 . The method of claim 10, further comprising the step of: 

(5) varying said bias voltage, and thereby varying said phase shift of said 
pulses in said control signal relative to said reference phase, and thereby varying said 
phase shift of said down-converted output signal. 

12. The method of claim 10, wherein step (b) of level shifting comprises the step 
of adding said bias voltage to said LO signal 

1 3 . The method of claim 8, wherein step (2) comprises the steps of 

(a) receiving an LO signal; 

(b) delaying said LO signal according to a delay element, resulting in a 
delayed LO signal; and 

(c) generating a pulse when said delayed LO signal exceeds a threshold, 
whereby said reference phase corresponds to a reference delay, and thereby said phase 
shift of said pulses of said control signal is determined by a difference between said 
delay and said reference delay. 

14. The method of claim 13, fiirther comprising the step of 

(5) varying said delay, and thereby varying said phase shift of pulses of 
said control signal relative to said reference phase, and thereby varying said phase 
shift of said down-converted output signal. 

15. The method of claim 8, further comprising the step of 
(5) amplifying said EM signal. 

16. The method of claim 8, wherein step (2) comprises the steps of 
(a) receiving a LO signal having a first signal shape; 
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(b) changing said first signal shape of said LO signal, resulting in a shaped 
LO signal; and 

(c) generating a pulse when said shaped LO signal exceeds a threshold, 
whereby said reference phase corresponds to a reference signal shape, and thereby 
said phase shift of pulses of said control signal is determined by a difference between 
said shaped LO signal and said reference signal shape. 

17. A method of down-converting and phase shifting an EM signal in an 
integrated manner, the method comprising the steps of 

( 1 ) receiving an EM input signal; 

(2) transferring non-negligible amounts of energy fi-om the EM signal 
according to a control signal, wherein said control signal comprises a plurality of 
pulses that are phase shifted relative to a reference phase; and 

(3) generating a down-converted signal fi:-om said transferred energy, 
wherein said down-converted signal has a phase shift that is based on said phase shift 
of said pulses of said control signal. 

18. The method of claim 17, wherein step (2) comprises the steps of 

(a) generating a control signal having a plurality of pulses that are phase- 
shifted relative to a reference phase; and 

(b) sampling the EM signal according to said control signal, resulting in 
undersamples that are phase shifted according to said phase shift of said pulses of said 
control signal. 

19. The method of claim 18, wherein step (3) comprises the step of integrating 
successive undersamples, to generate said down-converted signal. 
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20. The method of claim 18, wherein said step (a) comprises the steps of: 

(i) receiving a LO signal; 

(ii) leveling shifting said LO signal with a bias voltage, resulting in a biased 
LO signal; and 

(iii) generating a pulse of said control signal when said biased LO signal 
exceeds a threshold, whereby said reference phase corresponds to a reference bias 
voltage, and thereby said phase shift of said pulses of said control signal is determined 
by a difference between said bias voltage and said reference bias voltage. 

21 . The method of claim 20, wherein step (ii) comprises the step of adding said 
bias voltage to said LO signal. 

22. The method of claim 18, wherein step (a) comprises the steps of 

(i) receiving an LO signal; 

(ii) delaying said LO signal according to a delay, resulting in a delayed LO 
signal; and 

(iii) generating a pulse when said delayed LO signal exceeds a threshold, 
whereby said reference phase corresponds to a reference delay, and thereby said phase 
shift of said pulses of said control signal is determined by a difference between said 
delay and said reference delay. 

23. The method of claim 17, further comprising the step of 
(4) amplifying said EM input signal 

24. A method of up-converting and phase shifting a baseband signal, the method 
comprising the steps of 

(1) receiving an EM input signal; 
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4 (2) generating a control signal having a plurality of pulses that are phase- 

5 shifted relative to a reference phase; and 

6 (3) sampling the EM signal according to said control signal, resulting in 

7 a plurality of harmonic images that are each representative of the baseband signal, and 

8 are phase shifted according to said phase shift of said pulses in said control signal; 

9 wherein said control signal has pulse v^dths that sufficient to improve energy 
10 transfer to a desired harmonic image of said plurality of harmonic images. 

1 25. The method of claim 24, fiirther comprising the step of: 

2 fj (4) selecting said desired harmonic from said harmonic images that are 

3 ^ generated in step (3). 

1 "2 26. The method of claim 25, fiirther comprising the step of: 

2 '{j (5) transmitting said desired harmonic over a communications medium. 

1 ^ 27. The method of claim 24, wherein step (2) comprises the steps of: 

2 ^ (a) receiving a LO signal; 

3 P (b) leveling shifting said LO signal with a bias voltage, resulting in a biased 
4^' LO signal; and 

5 (c) generating a pulse of said control signal when said biased LO signal 

6 exceeds a threshold, whereby said reference phase corresponds to a reference bias 

7 voltage, and thereby said phase shift of said pulses of said control signal is determined 

8 by a difference between said bias voltage and said reference bias vohage. 

1 28. The method of claim 24, wherein step (2) comprises the steps of 

2 (a) receiving a LO signal; 
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3 (b) delaying said LO signal according to a delay, resulting in a delayed LO 

4 signal; and 

5 (c) generating a pulse when said delayed LO signal exceeds a threshold, 

6 whereby said reference phase of said control signal corresponds to a reference delay, 

7 and thereby said phase shift of said pulses of said control signal is determined by a 

8 difference between said delay and said reference delay. 

1 29. The method of claim 24, wherein step (2) comprises the steps of: 

2 (a) receiving a LO signal having a first signal shape; 

3 p (b) changing said first shape of said LO signal, resulting in a shaped LO 

4 ^7; signal; and 

5 (c) generating a pulse when said shaped LO signal exceeds a threshold, 

6 whereby said reference phase corresponds to a reference signal shape, and thereby 

7 H] said phase shift of said pulses of said control signal is determined by a difference 

8 s between said shaped LO signal and said reference signal shape. 

1 -3 A system for fi*equency translating an EM signal to generate a frequency 

2 O translated output signal that is phase shifted relative to a reference phase, comprising: 

3 '''' a pulse generator that is controlled by an LO signal, wherein said pulse 

4 generator triggers and generates a pulse when said LO signal exceeds a threshold; 

5 a switch module controlled by pulses from said pulse generator, wherein said 

6 switch module samples said EM signal according to said pulses, resulting in said 

7 frequency translated output signal; and 

8 means for varying a time that said LO signal exceeds said threshold of said 

9 pulse generator, and thereby phase shifting said frequency translated output signal; 
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10 wherein said pulses have pulse widths that are sufficient to transfer non- 

1 1 negligible amounts of energy from said EM signal to said frequency translated output 

12 signal 

1 31. The system of claim 3 0, wherein said means for varying comprises a means for 

2 level shifting said LO signal with a bias voltage. 

1 32. The system of claim 30, wherein said means for varying comprises a means for 

2 delaying said LO signal. 

1 5 33. The system ofclaim 30, wherein said means for varying comprises a means fr)r 

2 C changing a shape of said LO signal 
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Phase Shifting Applications of Universal Frequency 

Translation 

Abstract 

A universal frequency translation module (UFT) frequency translates an 
electromagnetic (EM) input signal by sampling the EM input signal according to a 
periodic control signal (also called an aUasing signal). By controlling the relative 
sampling time, the UFT module implements a relative phase shift during frequency 
translation. In other words, a relative phase shift can be introduced in the output 
signal by sampling the input signal at one point in time relative to another point in 
time. As such, the UFT module can be configured as an integrated frequency 
translator and phase-shifter. This includes the UFT module as an integrated down- 
converter and phase shifter, and the UFT module as an integrated up-converter and 
phase shifter. AppUcations of universal frequency translation and phase shifting 
include phased array antennas that utilize integrated frequency translation and phase 
shifting technology to steer the one or more main beams of the phased array antenna. 
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Sampling the EM input signal according to a periodic control signal 
having a plurality of pulses and a period of T, the pulses having apertures 
that are established to improve energy transfer to a frequency shifted output signal 
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Varying the sampling time from a nominal to introduce a relative phase shift 
in the ou^ut signal when compared to a nominal sampling time 
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Receive an EM input signal 
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Generate a LO signal that is preferably a sub-harmonic of 
the input signal for down-conversion, or a sub-harmonic of the 
output signal for up-conversion 



V 



Level-shift the LO signal with a DC bias voltage, 
resulting in a biased LO signal 



Trigger a pulse generator when the biased LO signal exceeds a 
threshold value, resulting in a control signal having a plurality of pulses that 
are phase shifted according to the biased LO signal 
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Sample the EM input signal according to the control signal, 
resulting in a frequency translated and phase-shifted output signal 



Vary the DC bias voltage to phase shift the pulses in the control signal, 
thereby changing a relative phase shift of the output signal 



fzs. 




X 

A 




^ ^ 



Receive an EM input signal 



Generate a LO signal that is preferably a sub-harmonic 
of the input signal for doAvn-conversion to baseband, or offset from 
a sub-harmonic of the input signal for down-conversion to an IF frequency 
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Level-shift the LO signal with a DC bias voltage, 
resulting in a biased LO signal 
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Trigger a pulse generator when the biased LO signal exceeds a 
threshold value, resulting in a control signal having a plurality of pulses 
that are phase shifted according to the biased LO signal, wherein the 
pulses of the control signal are a non-negligible fraction of a period 
of the EM input signal to be down-converted 



Sample the EM input signal according to the periodic 
control signal to transfer non-negligible amounts of 
energy to the resulting undersamples 
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Store and integrate the successive undersamples, 
resulting in a down-converted output signal 



Vary the DC bias voltage to phase shift the pulses in the control signal, 
thereby changing a relative phase shift of the output signal 
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Receive an EM input signal 



Generate a LO signal that 
of the input signal for down-con^ 
a sub-harmonic of the input signal fc 


is preferably a sub-harmonic 
/ersion to baseband, or offset from 
►r down-conversion to an IF frequency 
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Level-shift the LO signal with a DC bias voltage, 
resulting in a biased LO signal 



Trigger a pulse generator when the biased LO signal exceeds a 
threshold value, resulting in a control signal having a plurality of pulses 
that are phase shifted according to the biased LO signal, wherein the 
pulses of the control signal are a non-negligible fraction of a period 
of the EM mput signal to be down-converted 



Perform' a matched filtering/correlating operation on 
an approximate half-cycle of the received EM input signal, 
; according to the control signal 
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Accumulate the result of the matched filtering/correlating 
operation, resulting in a down-converted output signal 
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Vary the DC bias voltage to phase shift the pulses in the control signal, 
thereby changing a relative phase shift of the output signal 
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Receive an EM input signal 



Generate a LO signal that is preferably a sub-harmonic 
of the desired up-converted output signal 



Level-shift the LO signal with a DC bias voltage, 
resulting in a biased LO signal 



Trigger a pulse generator when the biased LO signal exceeds a 
threshold value, resulting in a control signal having a plurality of pulses that 
are phase shifted according to the biased LO signal, where pulse widths of 
of the control signal are non-negligible fractions of the period of the desired 

up-converted output signal 



Sample the EM input according to the control 
signal, resulting in a harmonically rich signal 



Bandpass filter the harmonically rich 
signal, to select a harmonic of interest for 
the output signal 
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Vary the DC bias voltage to phase shift the pulses in the control signal, 
thereby changmg a relative phase shift of the output signal 
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Receive an EM input signal 



Generate a LO signal that is preferably a sub-harmonic of 
the input signal for down-conversion, or a sub-harmonic of the 
output signal for up-conversion 



Delay the LO signal according to a control signal, 
resulting in a delayed LO signal 
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Trigger a pulse generator when the delayed LO signal exceeds a 
threshold value, resulting in a control signal having a plurality of pulses that 
are phase shifted according to the biased LO signal 



Sample the EM input signal according to the control signal, 
resulting in a frequency translated and phase-shifted output signal 



Vary the delay of the LO signal to phase shift the pulses in the control signal, 
thereby changing a relative phase shift of the output signal 
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Receive an EM input signal 



Generate a LO signal that is preferably a sub-harmonic 
of the input signal for down-conversion to baseband, or offset from 
a sub-harmonic of the input signal for down-conversion to an IF frequency 



Delay the LO signal according to a delay control signal, 
resulting in a delayed LO signal 



Trigger a pulse generator when the delayed LO signal exceeds a 
threshold value, resulting in a control signal having a plurality of pulses 
that are phase shifted according to the delayed LO signal, wherein the 
pulses of the control signal are a non-negligible fraction of a period 
of the EM input signal to be down-converted 



Sample the EM input signal according to the periodic 
control signal to transfer non-negligible amounts of 
energy to the resulting undersamples 



Store and integrate the successive undersamples, 
resulting in a down-converted output signal 



Vary the delay of the LO signal to phase shift the pulses in the control signal, 
thereby changing a relative phase shift of the output signal 



Receive an EM input signal 



Grenerate a LO signal that is preferably a sub-harmonic 
of the desired up-converted output signal 



Delay the LO signal with according to a delay control signal, 
resulting in a delayed LO signal 



Trigger a pulse generator when the delayed LO signal exceeds a ^^^B 
threshold value, resulting in a control signal having a plurality of pulses that 
are phase shifted according to the delayed LO signal, where pulse widths of 
of the control signal are non-negligible fractions of the period of the desired 

up-converted output signal 



Sample the EM input according to the control 
signal, resulting in a harmonically rich signal 



Bandpass filter the harmonically rich 
signal, to select a harmonic of interest for 
the output signal 



Vary the LO delay to phase shift the pulses in the control signal, 
thereby changing a relative phase shift of the output signal 
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q=C-V EQ. A 

V=A-sih(t) tQ. 6 

q(t)=C-A-sin(t) - C 

Aq(t) = C-A-sin(t.)-,C-A-sin(t-T) ea 

Aq(t)=C-A-(sin(t) - sin(t-T)) ^Q. ^ 



sin(a) - sin(p)«2-sin! j-cos! 



Aq(t)=2-C-A-sin 



t-(-t-T) 



•cos 



t4-(t-T) 



1 : 1 ' 
Aq ( t) = 2 -C • A-sinj — T i -cos ( t - - -T i 

* 2 \ L 



q(t)= 



C-A<sin(t)-sin(t-T))dt . bQ. J 



q(t)=-cos(t)-C-A + cos(t-T)-C-A 



q(t) = C-A-(cos(t-T)-cos(t)) 
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For Graph 2: C=l, A= 5, T=7c/10: 




Graph 2 
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Insertion Loss 



Insertion loss in dB is expressed by: 
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